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Abstract 
 

Mesoporous titanium oxide with a pore size of 20-30 Å was impregnated with conducting 

polythiophene nanowires in order to improve conductivity to take advantage of the ca. 1000 

m2/g surface areas for possible applications in charge storage in devices requiring fast Li+ 

insertion kinetics. Pristine mesoporous titanium oxide produced a peak capacity of 301 

mAh/g at current densities of 0.2 mA.cm-2 and 187 mAh/g at 1 mA.cm-2. The conductivity 

of the composite improved from 3.56 x 10-2 mS.cm-1 to 5.79 mS.cm-1 but significantly 

reduced capacity. This was attributed to pore blocking and a significant increase in the weight 

of the sample preventing Li+ diffusion into the pores of the material. An investigation of 

variation in polymer loading level and pore size using polypyrrole nanowires was then 

undertaken in order to improve performance. The best synthesis conditions were achieved 

using 5% polymer loading and host materials with the largest pore size. Excessive polymer 

loading and smaller pore sizes lead to decreased performance due to inhibition of Li+ 

transport. The C18 templated TiO2 composite produced the best capacity retention at 58% 

retention, and the C12 composite produced the highest initial capacity of 170 mAh/g using a 

current density of 1 mA.cm-2. To improve the interface between the polymer and host 

materials a synthesis was adapted using a catalyst-free UV initiated polymerisation of 

vapour-loaded pyrrole monomer with mesoporous Ti and Ta oxides. The best materials 

showed improved conductivity for both the Ti and Ta oxides as well as improved Li+ capacity 

(190 mAh/g) relative to the pristine material (128 mAh/g) and superior capacity retention 

(49% as compared to 22%) for the Ti composites. The retention in surface area was 87% 

compared to 49% reported previously for analogous materials synthesised by catalyst-

initiated method. This yielded Li+ capacities of 170 mAh/g further highlighting the 

superiority of this new photochemical approach. Since polymer doping seemed to improve 

conductivity while inhibiting Li+ transport an alternative approach using 

hexamethyldisilathiane (HMDST) to exchange Ti-O units with Ti-S at the surface of the 

mesopore channels to reduce the band gap between the valance band and the conduction 
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band, increasing the conductivity while retaining the porosity and thermal stability. Lower 

temperatures generally yielded materials with superior properties and although conductivity 

was improved using higher loading levels of HMDST, this produced a significant drop in 

initial capacity (137 – 41 mAh/g), but superior retention on cycling. The best performing 

material was synthesised using large amounts of regent (3.5 mL) at lower heating 

temperatures (100 °C) to maximise the combination of surface area, initial capacity, 

conductivity, and capacity retention (76%). Finally a vanadium hydride gel was prepared by 

thermal treatment of tetraphenylvanadium(IV) followed by hydrogenation. This V(III)-based 

material is redox active and the hydride ligand very light relative to oxide and phosphate 

supporting ligands normally used in V(III)-based battery materials. For this reason it could 

potentially lead to greater Li+ insertion capacities, so electrochemical evaluation was 

warranted. The best material demonstrated a peak capacity of 131 mAh/g, at a discharge rate 

of 1 mA.cm-2. After repeated charge discharge cycling for 50 cycles, the material retained 

36% of its capacity. 
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Chapter 1 : Introduction  
 

1.1 Motivation and Objective of the Thesis 

As the world’s population continues to increase and technology becoming more advanced, the 

demands on energy are becoming more severe. With volatile oil prices, places heavy reliance 

on fossil fuels and political influence on the world energy market, this means that the need for 

alternative energy storage materials to replace the declining supply of fossil foils is of high 

significance. Furthermore, the use of more renewable energy sources would help reduce further 

damage to the environment. One method to achieve this is through utilising chemical energy 

to produce renewable electricity by the development and optimisation of electrochemical 

energy storage.[1] However, in addition to the current overall energy demand, constant 

developments in technology necessitates energy storage units capable of supplying larger 

amounts of power (>100 kW)[2] for extended time periods. The desired properties for the ideal 

energy storage material for such devices are that they must be low cost,[1] made with materials 

that are highly abundant[3] and possess a long cycle lifetime with the ability to be recycled 

thousands of times without significant loss in performance.[4,5] Two important alternative 

energy storage devices to internal combustion are those of batteries and capacitors. These 

devices use physical and chemical interactions to produce energy without the by-products of 

internal combustion. These materials can be regenerated after use, making them renewable and 

therefore reduces the issue of limited supply of fossil fuels.  

 

The most promising batteries currently in use are Li+ batteries. These are typically made out of 

LiCoO2 and LiFePO4 and possess high capacities (150-160 mAh/g) and the ability to store 

large amounts of energy (200-400 Watt hours/litre (Wh/L)).[6] However, due to kinetic 

restraints on the redox processes batteries can only produce small currents, limiting the power 

density (200-430 W/kg).[6] Capacitors typically made from high surface area carbon materials 

possess fast reaction kinetics leading to an instantaneous release of energy as a large pulse of 

current resulting in high power densities (1-2 MW/kg).[6] However these materials are unable 

to store large amounts of energy (5-15 Wh/l)[6] as they only retain charge at the surface of the 

material. Nevertheless, because of the promise shown by batteries and capacitors alike, there 

has been significant research to improve performance. The ideal material would possess the 

advantages of batteries and capacitors without loss of performance during long-term use. 
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Presently such devices are significantly less efficient compared to those based on fossil fuel 

combustion, which possesses very high energy densities (>12 kWh/l),[6] and so we are currently 

not able to replace them.  

 

In the more recently explored phenomenon of pseudocapacitance, energy is stored by Faradaic 

redox reactions as in battery materials, but the energy release kinetics are nearly instantaneous. 

The difference in pseudocapacitance is that reactions take place at or close to the surface of the 

material. This enables the fast release and capture of ions with little or no energy barrier. This 

combination for fast kinetics and chemical energy storage enables the material to store large 

amounts of energy in addition to producing large currents when required without the loss of 

capacity performance as seen in traditional battery materials.  

 

Intrinsic pseudocapacitive materials such as RuO2 are materials which possess 

pseudocapacitive properties regardless of structure morphology and particle size. Extrinsic 

pseudocapacitive materials only possess pseudocapacitive properties when the material has 

optimised particle size, morphology and structure, which minimise the kinetic restrictions of 

the diffusion process. These materials can be produced by reducing particle size to increase 

active surface area, thus increasing the number of surface sites and reducing the diffusion path 

length of the ions inserted into the material. Well orientated diffusion pathways and high 

electron conductivity provides easy ion transport throughout the material and the internal pore 

channels. This topic receives a significant amount of research interest aiming to synthesise 

materials with the correct combination of properties to optimise the energy storage properties.  

 

In the 1990’s Antonelli and Ying synthesised redox active TiO2 with surface areas >1000 

m2/g.[7] Due to the high Li+ storage performance achieved previously by high surface area 

porous oxides,[8] it was anticipated that these new materials may have significant potential to 

exploit pseudocapacitance in charge transfer processes. However, these mesoporous oxides 

possess low conductivity compared to their crystalline equivalents due the amorphous nature 

of the pore walls,[9] thus limiting the kinetics of the redox reactions within the material. Initial 

attempts to improve conductivity utilised doping with bis(benzene) chromium,[10] which 

proved to be air sensitive, and alkali fullerides which despite improving the conductivity 

limited the Li+ diffusion properties through the material.[11] 
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The most common method to improve the electron conductivity of a material is by combining 

them with conducting additives such as carbon, conducting polymers, or molecular wires. 

These materials passively improve the electron conductivity by providing a conducting 

pathway for the electrons to be transported throughout the material without leading to an 

increase in SEI formation. However these additives increase the weight of the material which 

leads to a decrease in the energy density. Other alternatives are to combine the material with a 

small percentage of another element to either positively (P-doping) or negatively (N-doping) 

dope the material. This creates a degree of electron deficiency or electron rich nature within 

the material which can be exploited to provide charge carriers and improves the charge 

transport. Alternatively the material can be doped with elements of similar electronic structure 

but with larger orbitals encouraging greater orbital overlap. This reduces the energy needed to 

transfer electrons between bands. These approaches are typically used in semiconductors 

resulting in a reduced band gap between the conduction and valence bands. 

 

This thesis has investigated the synthesis of a series of composites to improve the electron 

conductivity of high surface area mesoporous transition metal oxides using a combination of 

conducting polymers and sulphur doping methods. This was carried out in order to assess its 

potential for applications as a potential Li+ battery electrode material.  

 

1.2. Electrochemical Energy Storage 

 There are various devices and materials currently being investigated to store and supply 

electrical energy, but there is always a compromise that must be made which affects the 

performance properties of the material. For example some materials are capable of producing 

large amounts of power, but for only a short period of time. Other devises supply power for 

many hours, but are only able to produce a very low current.[12] Thus, it is difficult for any one 

material to provide all the requirements needed to make the ideal energy storage material. There 

are three main performance characteristics used to compare materials, which are listed below. 

These define how useful a material is at storing and supplying electrical energy and for which 

applications they are best suited. 
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Figure 1.1: Ragone plot demonstrating energy densities vs power densities for different energy storage devices 

 

(1) Energy density: The overall energy capable of being stored within a set mass or 

volume of the material. This is essential for a material to sustain the release of energy 

for long periods of time. The key factors that determine the energy density of a 

material are the potential difference in the cell and the capacity of the material 

according to Equation 1.1 for electronic potential energy.  

 

Equation 1.1   E = ½ CV2 

Where E = Energy, C is capacity/capacitance and V is the electric potential 

 

(2) Power density: The amount of energy that can be efficiently released to produce high 

currents per mass/volume of material. A larger power density will result in more 

charge being released efficiently to provide energy for higher loads when necessary. 

This is essential for materials that need to instantly provide large amounts of energy 

for high power applications. Key factors that affect power density are the reaction and 

diffusion kinetics of ions involved in the charge storage mechanism.  

 

(3) Reversibility: The ability of a material to be discharged and recharged repeatedly 

with no significant drop in performance. For a material to be of any use it must be 

reusable (up to 1000’s of times) representative of daily use over the course of a 
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number of years. The key factors effecting recyclability are the reversibility of the 

reactions taking place and the stability of the material during recycling. 

 

There are a number of devices currently in use that utilise different charge storage mechanisms. 

What follows is a description of the devices and the mechanisms they use to store and release 

charge (Figure 1.1). 

 

1.2.1 Capacitors 

Capacitors are devices that consist of two conducting electrodes and an electrolyte. These types 

of devices store charge at the electrode/electrolyte interface (Figure 1.2).[13,14] The charges are 

stored via an electrostatic interaction between the ions present within the electrolyte and the 

charge present on the electrode surface. This electrostatic interaction leads to the ions within 

the electrolyte being attracted towards the electrode surface possessing the opposite charge 

until the maximum capacitance has been reached, this is known as a double layer.  

 

Figure 1.2: Schematic Diagram of an electric double layer capacitor. When the device discharges the ions are 

released from the surface of the electrode, generating a current which supplies the load with electricity.[14] 

 

Traditional electric double layer capacitors (EDLC’s) are able to produce large amounts of 

power due to their ability to release large amounts of charge instantaneously thus producing a 

high current.[15,16] This property makes them useful as power supplies in small handheld 



 

6 

 

devices. Because of the manner in which they store energy, EDLC’s are typically made using 

very high surface area (>1000s m2/g) carbon materials.[13,17] As the charge is stored on the 

electrode/electrolyte interface, it possesses a high surface area that provides a larger area on 

which to store electrostatic charge.[18] 

 

1.2.2 Redox Batteries 

Batteries are devices that operate using a different mechanism to EDLC’s. Redox batteries 

consist of four separate components, the anode (negative electrode), cathode (positive 

electrode), insulating separator and the electrolyte. During the discharge process, redox 

batteries use redox driven insertion reactions of ions from the anode into the cathode (Equation 

1.2). This reaction takes place in the reverse direction during the charging process and is known 

as deinsertion (Figure 1.3),[19] 

 

In these reactions the anode oxidises to produce positive ions. These ions are transferred 

towards the cathode by means diffusion through the electrolyte. The ions reach the cathode and 

cause the cathode itself to become reduced to accommodate the newly inserted positive 

charges. The separator within the battery only allows the diffusion of positive charges through 

the electrolyte. The separator itself is electronically insulating but allows for the Li+ salts in the 

electrolyte to diffuse through. This causes electrons to be forced through an external circuit via 

electron conducting wires where they are harvested and used to supply electricity. They then 

pass towards the cathode where they counteract the positive charges that have transferred from 

the anode.[19]  

 

Common types of batteries in the past have included lead acid batteries, which are still used in 

cars today.[20] Advances made in safety and performance later resulted in the development of 

nickel hydride and more recently Li+ batteries. Batteries have very different properties to those 

of EDLC’s, because they utilise Faradaic redox reactions to store charges[19] and possess much 

higher energy densities then EDLC’s.[12,21] Battery materials are able to store charge throughout 

the bulk material rather than only at the surface, increasing the amount of the material utilised 

for charge storage. However the kinetics of the charge transfer is a limiting factor.[21,22] This 

limitation means that batteries are not able to produce the high current possible in EDLC and 

hence have limited power densities due to the slow kinetics for insertion and deinsertion of 

ions.[21] 
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Figure 1.3: Schematic diagram for generic redox battery cell 

 

Equation 1.2   

 

1.2.3 Pseudocapacitance  

Another type of electrochemical energy storage material is that of the pseudocapacitor. These 

devices utilise charge storage in a mechanism that combine those of both redox batteries and 

EDLC’s in an attempt to utilise the advantages offered from both mechanisms.[23–25] Typically 

the materials utilise chemical redox reactions to store energy. However unlike traditional redox 

batteries, the reaction takes place on or close to the surface of the material where the active 

material is in contact with the electrolyte.[26–28] This causes the redox reactions taking place to 

have little or no kinetic barrier allowing large amounts of energy to be stored but with the fast 

kinetics typically observed in EDLC's. This mechanism is referred to as pseudocapacitance. 

Current research has developed pseudocapacitive materials that can operate in both aqueous[29] 

and organic electrolytes.[30]  

 

It has been demonstrated that the development of materials with advanced networks of 

organised porous structures and/or high surface area are important to enable a material to show 

a pseudocapacitive nature.[27,31,32]  
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Depending on how the materials performance is affected by changes in particle size and 

morphology, there are two subcategories to pseudocapacitive materials. 

 

(1) Intrinsic materials: These types of materials display pseudocapacitive character 

across a range of different structures, morphologies and particle sizes. Therefore they 

are almost always pseudocapacitive and not dependant on the structure and 

morphology of the material, for example RuO2(0.5H2O).[33] 

 

(2) Extrinsic materials: These types of materials do not exhibit pseudocapacitive 

characteristics when present in the bulk state. This is due to phase transitions and the 

kinetic restrictions when insertion reactions are taking place. For these materials to 

become pseudocapacitive, the material must be tailored to optimise morphology and 

porosity to minimise kinetic barriers for ion diffusion and maximise surface area to 

enable pseudocapacitive energy storage.[34] 

 

Pseudocapacitive materials are desirable because they enable the possibility of producing 

materials capable of possessing both a high energy and power density for high power 

applications. The best pseudocapacitive materials are able to fully charge or discharge within 

10 minutes without significant losses in their capacity performance. The reasons these materials 

are capable of undergoing fast redox reactions are. 

 

(1) High electron conductivity: This allows for fast recombination of charges upon the 

de/intercalation of ions into and out of the host material, allowing better performance 

at high discharge rates. 

 

(2) Fast ion diffusion: This allows for fast kinetic intercalation reactions to take place so 

the performance of materials is not limited by the diffusion of ions at high discharge 

rates. 

 

(3) High surface area: Increasing surface area allows more active material to be situated 

near the surface so the distance needed to diffuse through active material before 
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reaching the electrolyte is less, reducing one of the key limiting factors in redox 

reaction kinetics.[31] 

 

Recent research has suggested three mechanisms that account for the pseudocapacitive 

behaviour shown in these energy storage materials (Figure 1.4). 

  

Figure 1.4: Depictions and Examples of different pseudocapacitance mechanisms[35] 

 

1) Redox pseudocapacitance: When the ions present within the electrolyte 

electrochemically adsorb onto the surface of a material e.g. hydrogen ions in redox 

capacitors.[33] 

 

2) Intercalation pseudocapacitance: Takes place when there is an intercalation 

reaction and a positive ion, such as Li+ is being inserted into the active material. There 

is little or no phase changes taking place with no significant kinetic barrier unlike in 

bulk intercalation, allowing pseudocapacitive speeds for storage and release of 

charges.[35] 
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3) Underpotential deposition: Where a metal monolayer forms on the surface of 

another metal with a significantly higher redox potential, leading to a rapid release of 

current on discharge. e.g. lead particles present on top of gold particles.[33,35] 

 

Mechanisms 1 and 2 are most common, with the first being the most useful in redox capacitors, 

and the second being the most useful in high performance Li+ ion batteries. 

 

1.3 Lithium Ion Batteries 

At present the lithium ion battery industry is expanding dramatically, taking up a significant 

proportion of the battery market.[26] This has been due to the development of the technology 

since its initial discovery.[13,15] However at present the commercial applications of such 

technologies are limited. This is due to the expense of producing such batteries for commercial 

applications[19] and the limited performance compared to the requirements of modern devices. 

Currently Li+ batteries are very commonly used in smartphones, tablets and other small 

electronic devices.[36] The main issues are safety concerns, the need for high power output and 

the expenses of mass production.[37] Despite possessing high energy densities, commercial 

lithium ion batteries are continuing to be developed in order to supply enough power to operate 

some of the emerging essential technologies for future such as hybrid electric vehicles 

(HEV’s), electronic vehicles (EV’s). Batteries need to improve their current energy densities 

significantly before being able to compete with internal combustion.[6]  

 

A typical commercial lithium battery at present contain a cathode comprised of a lithium based 

metal oxide such as LiCoO2,
[38–40] whereas the standard anode material is usually low cost 

graphite[41] with a semi permeable insulating separator and electrolytes containing lithium salts 

such as LiPF6.
[42] 

 

A lithium ion battery works using the same principle as any other redox battery, using the 

transfer of Li+ ions and electrons to convert chemical energy to electrical energy. The process 

is reversed upon charging by applying external current it forces the ions back to their original 

location ready to be discharged again. During the discharge process Li+ is supplied by the anode 

and diffuses through the electrolyte to the cathode. This causes the anode to be oxidised and 

the cathode to be reduced, as seen in the schematic diagram Figure 1.5.[43] The electrolyte 

contains lithium salts such as LiPF6 dissolved in organic solvents typically carbonates.[44] This 
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allows the Li+ to pass through the semi permeable insulating separator but prevents the passage 

of electrons. The electrons are forced to pass through an external circuit. This ensures charge 

transport separation and prevents the cell from shorting. Despite this charge separation it is 

essential that both charges are able to access the active materials as a redox reaction cannot 

take place without the ability for charges to balance on both sides of the cell. Therefore the 

material must be able to be transport both ions and electrons to be an effective electrode.[45] 

Many electrochemically active materials possess poor electron conductivity, so require the aid 

of additives such as carbon black to improve their performances, as well as polymeric binders 

to hold them together. For this reason electrodes are attached to a respective current collector 

to aid electron transport to and from the active materials (Figure 1.5).  

 

Figure 1.5: Schematic diagram of Li+ battery using LiCoO2 (Li = Blue, Co = Yellow and Oxygen = Red)[43] 

 

In common commercial batteries the Li+ is initially present within the cathode material in its 

discharged state, therefore the battery must first be charged before it can be used. The charging 

process involves the delithiation of the cathode extracting lithium by applying a reverse current, 

forcing the Li+ out of the cathode and into the graphite anode. This produces a Li+ rich anode 
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and a Li+ deficient cathode material. When discharged the current is reversed and the opposite 

process occurs which causes the Li+ to migrate back to the cathode (lithiation). This allows the 

electrons to pass through the external circuit to balance out the charge migration of lithium 

towards the cathode and returning redox chemistry of the electrodes back to their initial state.[46] 

The redox reaction taking place can be seen in Equation 1.3. 

 

Equation 1.3             Li          Li+ + e-  

                   Anode            Cathode 

The performance of a battery is mainly assessed on four properties.  

(1) Capacity: The higher the capacity the longer it will be able to supply energy.  

 

(2) Potential window: Batteries that operate at a higher and wider potential are able to 

supply more energy. 

 

(3)  Charge transfer kinetics: The rate at which ions and electrons can transfer into and 

out of the material determines how effective they are at higher discharge rates, 

minimising capacity loss. 

 

(4) Recyclability: How well the capacity of the battery can be regenerated after each use 

and for how many cycles the battery can be used before it has lost a significant 

proportion of its capacity.  

 

1.3.1 Anode Materials 

Anode materials make up the negative electrode of the lithium ion battery cell. They are the 

source of electrons and lithium ions during the discharge process. The most common material 

for use in commercial lithium battery anodes is graphite[47] due to its good recyclability and a 

long cycle life which are highly beneficial and desired for an electrode.[48] Good recyclability 

demonstrates that the material is able to reversibly release and recapture lithium ions during 

the charging and discharge process, enabling the retention of its capacity throughout cycling. 

The cycle life capabilities demonstrate the stability for a vast number of cycles. Graphite 

materials are relatively inexpensive to produce which is vital for the commercialisation process 

of batteries. They possess good electron conductivity[49] allowing the speedy insertion and 
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extraction of large quantities of electrons able to potentially produce high power densities. 

Graphite material possess the advantage of having a very low working potential compared to 

most other anode materials shown in Figure 1.6 higher only then lithium metal.[50] This allows 

for a much larger operating potential then other anode materials allowing the maximum 

possible energy density to be achieved.  

 

 

Figure 1.6: Potential vs capacity diagram of various anode materials[50] 

 

Despite these positives, graphite has drawbacks as an anode material. Studies show that only 

one Li+ is able to be inserted per 6 carbon atoms in the graphite electrode as can be seen in 

Equation 1.4. 

 

Equation 1.4  C6+ xLi+ +xe- = LixC6 
[47]

 

 

This limits the potential capacity of the material as a lithium insertion compound compared to 

high capacity anode materials such as tin oxide.[51] The maximum capacity of graphite is 

estimated to be around 370 mAh/g.[52,53] This is a higher capacity than most anode materials 

but still limits the potential capacity of the battery. The other main issue with the use of graphite 

as a lithium ion anode material is poor lithium diffusion capabilities.[54] The limited speed at 

which lithium is able to intercalate and deintercalate into the graphite restricts the performance 

at high discharge rates, despite the high conductivity. Materials must possess both good 

electron conductivity and lithium diffusion capabilities for the rapid separation and 

recombination of charges to achieve the best rate capability. Current research aims to produce 

anodes that possess higher capacities and rate capabilities as well as the retention of capacity 

and cycle life capabilities. 
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Initially batteries used lithium metal as the anode back in the 1970’s. It possesses the 

advantages of having the lowest possible operating potential (-3.04 V vs SHE) and the highest 

theoretical capacity of 3860 mAh/g.[55] This provides both the maximum potential difference 

between the anode and the cathode with the largest obtainable capacity. However there are a 

large number of drawbacks to using lithium metal, its reactivity makes it very dangerous and 

it can easily catch fire. Due to the continuous removal and recoating of lithium onto the surface 

of the electrode during recycling, particularly at higher discharge rates, the electrodes have 

tendencies to form branches of lithium protruding out of the surface of the electrode rather than 

coating evenly across the surface. These branches of lithium are known as dendrites.[56,57] These 

dendrites can either break off and float around in the electrolyte solution or can puncture the 

separator of the battery leading to short circuiting and heating of the electrolyte. Heating causes 

an increase in the reaction rate which leads to thermal runaway within the cell,[58] a common 

cause of fires in lithium batteries.  

 

Lithium battery anode materials that have been investigated are those such as other 

carbonaceous materials such as carbon nanotubes (CNT’s), nanofibers (CNF’s), graphene, 

porous carbons and transition metal oxides (TMO’s).[59,60] These materials have all managed 

to achieve superior capacities compared to graphitic carbon but each in turn possesses its own 

drawbacks. 

 

Looking at the present anode materials available, excluding lithium metal, we are able to place 

the majority into three main groups of materials. 

 

(1) De/intercalation materials: Materials that utilise the intercalation of lithium within 

the structure to store and supply charge. These include materials such as graphitic 

carbon and LiTiO2.
[60] They possess good cycle life, high rate capabilities and are 

relatively safe and inexpensive.[61] However they typically possess low capacities, 

coupled with a higher redox potential (e.g. LiTiO2 = 1.75 V vs Li/Li+), with the 

exception of graphite (<0.2 V vs Li/Li+) meaning that the operating potential 

difference is greatly reduced despite being safer.[62] Both of these factors significantly 

lower the energy density of the material. 
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(2) De/Alloy materials: Material that are typically coated with lithium metal to store the 

charge nearer to the surface allows for high specific capacities and high energy 

density materials.[63] However these materials demonstrate poor recyclability and 

irreversible capacity loss.[64] Both are essential for electrode materials for effective 

secondary batteries. 

 

(3) Conversion materials: Structure such as Li2O that store lithium at the anode and 

upon discharge covert to produce Li+ and then back to form Li2O upon recharging. 

These materials provide high capacity and a high operation potential difference due to 

their low operating potential. These materials are low in cost to maintain and are 

environmentally friendly.[47] However the materials suffer from poor columbic 

efficiency and therefore have poor cycling performance due to loss in capacity. The 

materials have a very unstable SEI formation which leads to poor performance as it 

prevents access for ions to be de/intercalated from the structures when undergoing 

charge and discharge.[65] 

 

1.3.2 Cathode Materials for Lithium Batteries 

 Cathode materials are one of the most essential components of a lithium ion battery. The 

properties of the cathode typically determine the potential difference of the cell as most 

batteries currently use graphite as the standard anode material. At approximately 49% of the 

total cost the most expensive component of the battery is usually the cathode material, followed 

by the electrolyte at 23% with all other components costing around 10% or less.[66] In the ideal 

lithium battery cathode, there are a number of properties that the material should possess.[45]  

 

(1) A redox active ion: There should be an active component able to undergo reversible 

redox reactions. This is typically a transition metal ion such as Co, Ti or Fe capable of 

changing oxidation states to compensate for Li+ being incorporated into the structure.  

 

(2) Reversible Li intercalation: The redox active ion should undergo reversible reactions 

with Li+. This reversibility enables the active material to be converted back to its original 

state upon extraction of the Li+, without leading to a permanent change in structure or 

morphology. 

 



 

16 

 

(3) Good electron conductivity: This is essential for high performance cathode materials as 

it allows for easy transport of electrons between the transition metal centres via the 

external circuit needed to counteract the reduction caused by Li+ insertion. High electron 

conductivity provides quick access to all redox active centres producing a much greater 

power density and minimises the need for conducting additives which lower the energy 

density. 

 

(4) Cycling stability: The cathode must be stable under cycling enabling the battery to be 

used repeatedly (>1000 cycles) without a significant decay in capacity. This ensures that 

the battery does not need to be regularly replaced and can be used daily for a number of 

years.  

 

(5) High energy of reaction: The energy produced by a battery is determined by two 

properties, firstly the operating potential of the cell, secondly the Li+ storage capacity. 

The ideal cathode would operate at the highest possible working potential (currently 

around 4 V) and be able to store large amount of Li+ (at least 1 Li+ per transition metal). 

Some examples of cathode potentials can be seen in Figure 1.7. 

 

Figure 1.7: Potential vs capacity diagram of various cathode materials[50] 

 

(6) Fast Li+ diffusion kinetics: Fast diffusion kinetics allows Li+ to quickly diffuse into and 

out of the cathode material allowing for the quick uptake and release of charge. This 

enables the material to produce large current without a significant loss in capacity. 
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(7) Environmentally benign: The materials should not be hazardous to the environments or 

harmful to people who are working with the material as dangerous and harmful materials 

will not be permitted for large scale battery applications.  

 

(8) Low Cost: The price of the materials is very important from a commercial perspective as 

it will not be possible to upscale and mass produce materials if they are expensive. 

Therefore such materials would not be viable as a useful alternative to fossil fuel sources.  

 

At present there are three main types of cathode materials that have undergone vast amounts 

of research, these categories are: 

 

(1) Layered transition metal oxides (LiMO2)  

(2) Spinel Oxides (LiM2O4) 

(3) Olivine Phosphates (LiFePO4) 

(M= Ni, Co, and Mn) 

 

1.3.2.1 Layered Transition Metal Oxides: 

Layered transition metal oxides are the most common commercial Li+ battery cathode 

materials. The parent compound LiCoO2 exists in two possible structure configurations, a cubic 

spinel or layered trigonal hexagonal structure. The layered hexagonal structure is the most 

useful as a Li+ battery cathode material as it produces the best capacities.[41] 

 

In LiCoO2 the cobalt and lithium are situated in the octahedral sites with oxygen atoms close 

packed in ABC-ABC stacked layers either side of the cobalt as shown in Figure 1.8. When Li+ 

is extracted from the structure, the cobalt ions are oxidised from Co+3 to Co+4 to compensate 

for the removal of Li+ from the structure. However after the lithium extraction exceeds a certain 

concentration (x<0.5) this leads to the formation of a different crystal structure. This changes 

the materials electrochemical properties and damages the performance. For this reason despite 

having a theoretical capacity of 280 mAh/g the maximum obtainable capacity is 140 mAh/g 

before it is forced to lose its structural integrity and electrochemical performance.[67] 
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Figure 1.8: Layered trigonal hexagonal structure (LiMO2)[68] 

 

 This low practical capacity and the expense of cobalt initiated the development and 

investigation of other transition metal oxides such as Ni and Mn with similar structures. The 

nickel analogue to cobalt oxide shows a very similar structure and has the advantage of being 

much cheaper than cobalt whilst producing a higher capacity. However the Ni layered oxide 

possesses its own setbacks due to the difficulty obtaining the perfect crystalline structure. There 

is a tendency for the Ni to locate itself within the Li+ layer leading to limitations of lithium ion 

transport within the material. This is referred to as Li/Ni disorder and is detrimental to its 

performance as a cathode material.[69,70] 

 

Due to the difficulties suffered by Ni and Co oxides, researchers created mixed transition metal 

oxides to overcome the problems suffered by the individual metal oxides. Mixing Ni and Mn 

at a 50:50 ratio produced an effective cathode material with the Ni+2 and Mn+4 states present. 

The Ni2+ species is the only electrochemically active constituent with the Mn having only a 

passive role.[71,72] During the charge and discharge process the Ni is exchanged between the 

Ni2+ and Ni4+ oxidation states whilst the Mn stays constantly at Mn4+. The cell operates within 

the Ni redox transition window situated at a fairly high potential window of 3.5-4.4 V.[72] 
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Though the manganese itself is not directly involved in the electrochemical reaction, its 

presence is intended to stabilise the structure during cycling. Both metals are present within 

the TM layer of the layered oxides with lithium staying predominantly to the interstitial layers 

as seen in the cobalt oxides. However there are still traces of Li/Ni disorder within these 

structures but sufficiently less than pure LiNiO2. The energy density of these Ni/Mn materials 

is significantly higher than that of the cobalt analogue, achieving capacitates as high of 200 

mAh/g.[73] The material undergoes only slight capacity fading over the first 100 cycles. 

However the issue of Li/Ni disorder remains present in long term stability. To improve lithium 

transport and recycling performance, research has been carried out to synthesise materials 

which contain minimal Li/Ni disorder. One of the best materials to date has achieved as low as 

4% disorder for mixed Ni/Mn oxide.[74] 

 

Building upon these successes, scientists started to develop materials containing up to three 

transition metals to improve the performance of the material while minimising the problems 

produced by the single transition metal oxides. Some of the best results have achieved 

capacities of 160 mAh/g with excellent recyclability between potentials of 2.5-4.4 V. This 

increases to 200 mAh/g when the window is increased up to 4.6V.[75] The structure now 

contains both Co and Ni as electrochemically active constituents, whilst the Mn remains 

present to assist the stability during cycling. This compound is the most thermally stable 

layered oxide which is able to reach temperatures of up to 500 °C. The maximum cut off voltage 

of this material is 4.7 V because once the compounds exceeds 4.5 V there is oxygen loss due 

to the slight overlap between the manganese 3D orbital’s and the oxygen 2P orbital’s when it 

is present in the Mn3+ and Mn4+ states. This causes the extraction of electrons form the oxygen 

to the transition metal ions[76] 

 

1.3.2.2 Spinel Oxides LiM2O4 

Another type of material used as a lithium battery cathode is that of the spinel oxide structures 

which were first proposed in the 1980’s. These are considerably cheaper, safer and more 

environmentally friendly than layered oxide materials[77] which makes them more attractive for 

commercial use. These materials typically offer a 3D diffusion pathway due to the vacancies 

of large numbers of octahedral sites left vacant by M+ ions with Li+ in the structure occupying 

tetrahedral sites as shown in Figure 1.9. These allow easy Li+ diffusion and high rate capability. 

They do suffer from poor recycling stability as it is quite common to observe capacity fading, 
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especially at higher temperatures. These materials produce lower capacities than their 

respective layered oxides, lowering the energy density. There are two reasons that have been 

suggested for capacity fading in spinel oxides are: 

 

(1) The dissolution of transition metal ions in the acidic electrolyte damaging the 

structure  

 

(2) Changes in crystal structural taking place within the materials, e.g. a change from 

spinel to a tetragonal structure brought about due to the Jan Teller distortion 

(LiMnO2).
[78,79] 

 

 

Figure 1.9: Structural diagram for spinel oxides: MO8 (purple) Li+ (yellow)[80] 

 

 To suppress Jahn Teller (JT) distortion, doping with other metals is used to minimise structure 

changes during cycling. One investigation demonstrated that doping Mn oxides with Ni at a 

ratio of 3:1 produced the best performance. This was attributed to the presence of a disordered 

structure where the metal ions are randomly occupied making it possible for the Li+ to migrate 

through the structure via octahedral sites. However, when the structure is more ordered and 

crystalline, the ordering of the Mn and Ni leads to the inhibition of Li+ transport throughout the 
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structure.[81] In addition to stabilising the structure to morphology changes, the incorporation 

of Ni extends the top of the potential window due to the locations of the Ni3+ to Ni4+ redox 

couple up to 4.7 V increasing the energy density. 

 

These mixed materials achieve close to their theoretical capacity unlike many of the layered 

materials, showing superior cycling performance compared to pure spinel oxides. The 

incorporation of Cr into the LiNi0.5Mn1.5O2 promotes the formation of a disordered structure in 

place of the ineffective ordered structure.[82] As the Ni content of Mn oxides increased, the 

cycling stability of the materials improves. Due to the potential window being situated at higher 

potential than the undoped oxides, there is a higher degree of electrolyte decomposition taking 

place at the cathode surface. This induces the formation of a solid electrolyte interface (SEI) 

leading to the detriment of performance in the long term.  

 

1.3.2.3. Olivine Phosphates (LiMPO4) 

Another type of material that has received much research attention is the olivine phosphate 

materials such as LiFePO4.
[83] There are numerous advantages and disadvantages offered by 

such materials. 

 

Advantages 

 

(1) Low cost: Materials such as Fe are relatively inexpensive and highly abundant unlike 

Ru, V and Co materials. This enables them to be produced inexpensively and ensures 

that there is a large supply of metal with which to mass produce devices upon 

commercialisation. 

 

(2) Low toxicity: They are not harmful to the environment or people and are therefore a 

much safer alternative battery material. This is important in commercialisation and up 

scaling production as it does not complicate the procedures. 

 

(3) High specific capacities: Capacities up to 170 mAh/g have been achieved using a 

relatively high operating potential window (≈ 3.5 V vs Li/Li+),[45] both essential to 

producing materials which possess high energy density.  
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(4) Low volume expansion: When Li+ is incorporated the material does not expand 

significantly, preventing dramatic changes to the morphology or structure of the 

material, which would normally damage performance. 

 

(5) Little capacity fading: The materials are able to be used repeatedly without 

significant loss of capacity ensuring that they can be used on a daily basis over a 

number of years without need of replacement. 

 

Disadvantages  

 

(1) Low conductivity: The material is not effective at transporting electrons to and from 

the transition metal centres. This slows down the kinetics of the reactions and 

increases the difficulty in the access to the bulk material.[84,85] 

 

(2) Poor rate capability: The slow charge transfer kinetics leads to the prevention of 

charge separation and recombination at high discharge rates. This prevents the 

material from releasing large amounts of energy efficiently to produce high currents 

leading to large reductions in capacity at high discharge rates. 

 

Li+ and Fe2+ occupy the octahedral sites with the phosphorous atoms occupying tetrahedral 

sites within the structure. Oxygen atoms arrange in a hexagonal close packed arrangement 

around the phosphorous atoms. This arrangement leads to the slow migration of Li+ through 

the structure(Figure 1.10) and separation of the FeO6 octahedra by phosphate[86] which greatly 

reduces the conductivity of the material due to restricted electron hopping.[87] This is one of the 

key properties affecting performance especially at high discharge rates. 
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 Figure 1.10: Structural diagram of typical olivine phosphates e.g. LiFePO4
[88]

 

 

Olivine phosphates such as LiFePO4 have a voltage plateau situated at approximately 3.5 V 

which is lower than those of layered and spinel oxide materials (4.5 V). This lowers the overall 

energy density meaning that such materials require higher capacities in order to compensate of 

the lower operating potential.  

 

1.4.1. The Importance of Pseudocapacitive Materials in Li+ Batteries 

The main challenges facing current Li+ batteries are those of limited power density and poor 

rate performance. This poor performance is caused by slow Li+ diffusion kinetics within the 

material,[21] loss of performance on upscaling, the costs of materials[89] and the poor capacity 

retention of materials due to the instability of the materials during cycling[90]. The advantages 

of high electron conductivity, fast Li+ diffusion and high surface areas[35] offered by 

pseudocapacitive materials are all key features that would improve these current weak points 

of the performance of battery materials. The development of electrode materials that utilise 

pseudocapacitance is therefore a potential solution in the development of modern higher 

performances devices. 
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Pseudocapacitance in the field of Li+ batteries typically involves the use of reversible Faradaic 

reactions of redox active material in order to store Li+ near to or on the surface of the electrode. 

Because the storage of Li+ takes place near the surface, the Li+ diffusion kinetics of the material, 

which are normally the rate limiting step in the reaction and an important factor in the 

performance of the material, are significantly improved.[28] The shorter distance the Li+ must 

travel allows a more efficient release and capture of charge and minimises the loss of efficiency. 

This means the kinetics within the material no longer become limited by the Li+ diffusion 

through the material and instead become limited only by the surface effects of the material.[91] 

The capacity of the material becomes more independent of the discharge rate and reduces the 

voltage offset when the material is cycled between the charge and discharge process at high 

discharge rates due to the faster uptake and release of charge.  

 

In addition to the more common phenomenon of surface redox pseudocapacitance, commonly 

utilised in redox capacitors, there is also the mechanism of intercalation pseudocapacitance. In 

this mechanism Li+ intercalates into the bulk of the electrode material from the electrolyte 

rather than only at the surface. This is usually made possible because of the crystalline network 

that is present within the material which provides a 2D pathway that enables fast transport of 

Li+ ions throughout the structure, producing negligible or no structural or phase changes within 

the material.[28] Because of this fast Li+ transport the rate limiting process is no longer diffusion 

but that of the surface processes. This means that it does not suffer from the limitations of poor 

diffusion kinetics seen in typical intercalation materials and its behaviour appears capacitive in 

nature. 

 

The difference between traditional intercalation materials and those of pseudocapacitive 

materials is best demonstrated by the responses to electrochemical analysis. Firstly the 

relationship between current and sweep rate in cyclic voltammetry and secondly the charge 

discharge profiles for the different types of materials. When carrying out cyclic voltammetry it 

is possible to separate the contributions of the different charge storage mechanisms towards 

the total charge stored in the material according to Equation 1.5 commonly used in battery 

research.[31] 

Equation 1.5   I = aνb 

Equation 1.6   log I = b log ν + log a 



 

25 

 

In this equation I is peak current (A), ν is the scan rate (mV/s), a and b are adjustable 

parameters.  

 

When this equation is rearranged to give Equation 1.6 a plot of log peak current versus log 

sweep rate it is possible to calculate the value of b from the gradient.[31] When the b value 

produced from the analysis are approximately 0.5, the material is limited by the diffusion of 

ions thorough the bulk of the material the current produced is proportional to the square root 

function of the increase in sweep rate.[92] For values of b that are closer to 1, this indicates that 

the material is limited by surface controlled processes as current increase proportionally to that 

of the sweep rate (Figure 1.11).[91] The reason for this is that as the material is cycled faster the 

surface controlled reactions are more capable of releasing the charge fast enough to keep up 

with the changing potential. The limited rate of diffusion controlled processes leads to a loss 

in the efficiency of the reaction and a delay in the release of ions leading to smaller currents 

and often larger peak separation as the sweep rate is increased. Materials that are 

pseudocapacitive are therefore capable of producing significantly higher capacities at higher 

discharge rates as they are more able to efficiently release the charge. 

 

Figure 1.11: Current response comparison between (blue) surface limited and (red) Diffusion limited materials 

as a function of sweep rate in cyclic voltammetry. 

 

When looking at the different types of discharge profiles (Figure 1.12), it is also possible to 

observe the different characteristics of the storage mechanisms. During this analysis materials 

are discharged at a variety of different rates, these are done according to C ratings, where 1 C 
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is a discharge current that would produce complete discharge of a materials theoretical capacity 

in one hour. The higher the C rating the faster the rate of discharge, 2 C being ~ 1/2 hour, 4 C 

~ 1/4 hour etc.[93] The pseudocapacitive mechanism (Figure 1.12(a)) is similar to that of the Li+ 

intercalation mechanism in batteries (Figure 1.12(b)) however its profile appears to show a 

more linear shape typically seen for surface controlled storage kinetics demonstrated by 

capacitors (Figure 1.12(c)). Pseudocapacitive materials also retain the shape of their profiles 

better at higher C rates than traditional insertion materials. 

 

Figure 1.12: Charge (broken lines)discharge(solid lines) profiles of materials that utilise (a) pseudocapacitive, 

(b) capacitive and (c) Li+ intercalation charge storage mechanisms [94] 

1.4.2. Pseudocapacitance Effects on Battery Performance. 

One of the simplest strategies to make a material pseudocapacitive is to reduce the size of the 

materials down to nanoscales in order to increase the size of active surface area. Increasing the 

amount of active material present on the surface enhances the rate of the transport kinetics and 

increases the contribution of pseudocapacitance towards the energy storage of the materials.[91] 

This was demonstrate by Wang et al. who by reducing the sizes of TiO2 nanoparticles from 30 

nm to 7 nm the contribution to energy storage from pseudocapacitance increases from 15 % to 

55 %.[31] This demonstrates that as materials approach nanoscale size the surface charge 

transport mechanism becomes the more dominant.[31] 

 

When looking at the battery specific side of intercalation pseudocapacitance, the objective is 

not only to increase the amount of material present near the surface but to allow for increased 

Li+ storage in the bulk of the material. However during Li+ intercalation pseudocapacitance the 

rate is limited by the surface redox processes of the material.[28] This is very rare however as 

most insertion materials are limited by the poor kinetics of Li+ diffusion throughout the 

material. 
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1.4.3. Intercalation Pseudocapacitance Materials 

One example of a material that achieved intercalation pseudocapacitance was that of an 

amorphous TiO2 graphene composite, the material was able to produce capacities as high as 

182 mAh/g at a discharge rate of 10 C after 100 cycles.[95] This demonstrates excellent storage 

performance when compared to a similar nanoscale material which does not demonstrate 

intercalation pseudocapacitance which only achieved a capacity of 50 mAh/g at the same 

discharge rate.[96] This demonstrating that these materials show significant potential as a high 

performance Li+ battery material.  

 

This was attributed to the intercalation pseudocapacitance and was confirmed by the 

assessment using the b values calculated using Equation 1.5. The materials produced values of 

between 8.3-9.4, demonstrating a surface storage mechanism being the more dominant process, 

the capacitive contributions to charge storage were also calculated to be approximately 72%.[95] 

The intercalation pseudocapacitive behaviour was achieved due to its high porosity and 

disordered surface structure combined with the defects created by doping it with graphene.[97,98] 

This enabled the facilitation of fast ion transport throughout the material due to the porosity 

allowing increased electrolyte access and the surface structure providing increased surface 

reactions allowing the quicker intake and release of Li+ at the higher discharge rates.  

 

Other methods of achieving intercalation pseudocapacitance with TiO2 were achieved using 

doping with other transition metal oxides such as Nb,[99] this aides conductivity due to the Nb 

pushing the Fermi level up to the bottom of the conduction band of the Ti aiding charge 

transport within the material. By doping the material with Nb the capacitive charge storage 

contributions increased from 50% to 65%, despite the surface area of the material decreasing 

after doping.[99] The doped materials possessed a significantly improved performance at higher 

discharge rates producing a capacity of 105 and 88 mAh/g at 29 C and capacities of 48 and 27 

mAh/g at 86 C for the doped and non-doped material respectively.[99] These results 

demonstrated the importance of improving electron conductivity and Li+ diffusion kinetics and 

surface effects are more important in intercalation pseudocapacitance than surface area in order 

to improve charge storage.  
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Recently research into TiO2 (B) (Bronze) has produced significantly larger capacities, up to 

335 mAh/g,[100] then those achieved using the other forms of TiO2 Anatase and Rutile 

220mAh/g.[101] The excellent performance of this material at high rates indicates that it has 

different intercalation kinetics to the other forms of TiO2.
[101] This was further corroborated by 

the shape of the discharge profile which appeared to be more of a steady slope similar to those 

typically seen for pseudocapacitive materials (Figure 1.12(a)). The reason for this was because 

the material utilises the intercalation pseudocapacitance mechanism.[94] Nanostructuring causes 

the shift towards surface charge transfer becoming the dominant charge storage mechanism, 

and this combines the surface distortions of the material which act as a solid state solution 

through which the Li+ can be transported throughout the structure. All of these features allow 

enhanced and facile Li+ transport producing pseudocapacitive characteristics and enhanced 

capacities and cycle rate performance.[94] 

 

Another material that has shown promise as a pseudocapacitive battery material is that of 

MoS2.
[102] When the material was tailored to optimise morphology and structure the peak 

current increased in proportion with sweep rate demonstrating its surface process are the main 

storage mechanism.[102] The fast intercalation was ascribed to the increased spacing between 

layers which decreases the barrier to Li+ transport in addition to variation in site energies caused 

by the structural disorder. The final materials exhibited 70% of its capacity produced at 1C at 

a discharge rate of 20C, exhibiting excellent rate capability.[102] 

 

 All of these materials have demonstrated the advantages offered by pseudocapacitance to the 

field of Li+ battery research and how in the future development of high performance Li+ 

batteries these types of materials will be taking a key role in enhancing the performance at the 

higher discharge rates demanded by electronic vehicles and modern technology.  

 

1.5. State of the Art Li Batteries Research 

Due to the high power requirements for batteries to be used in modern electronic devices and 

vehicles (200 Wh kg-1 and 300 Wh L-1)[103] and the need to be cycled over thousands of cycles 

with ≥80 % of its initial capacity. The current Li+ batteries are unable to supply the demands 

to provide prolonged use over a period of years. 
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High energy density materials have been created however they have produced their own 

drawbacks. In order for batteries to meet these demands research has been focussed around 

overcoming the three main challenges suffered from current battery technology.  

 

1. Low ionic and electronic conductivity: Low conductivity reduces the ability to utilise 

redox sites therefore such materials typically require the use of conducting additives to 

enhance conductivity and performance.[104] 

 

2. Changes to morphology during cycling: Changes to morphology significantly hinder 

performance as it causes aggregation and loss of electrical contact between particles. 

Changes to morphology can also lead to the formation of an irreversible SEI causing 

permanent capacity loss.[105,106] 

 

3. Volume changes: Changes in volume causes a strain on the electrode material that 

eventually leads to structure loss and isolation from the current collector causing a 

dramatic decrease in cycling performance and caused a large fade in capacity.[90] 

 

State of the art research is focused on improving current high performance materials and 

overcoming these challenges. This has been approached by both fine tuning and improving 

previously investigated materials and by researching new materials and strategies. 

 

1.5.1 Approaches to Improving Current Materials 

There have been six general strategies used to improve the performance of these materials all 

of which have produced a mixture of successes and failures. The benefits of these strategies to 

the materials are listed in Table 1.1 

 

All of these strategies have lead to the improved performance the of previously studied Lithium 

battery electrode materials. One of the strategies that has received significant interest is that of 

reduction in materials dimensions to the nanoscale.[107–109] 
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Strategy for Improvement Advantages Offered by Approach 

Reduction in The Dimensions of The Material 

(Nanoscale) 

• Faster ion and electron transport 

• Higher surface reactivity 

• Relief of stress and improved mechanical 

stability. 

Formation of Composite Materials 
• Conductive media 

• Mechanical Structural support 

Doping and Functionalisation of Materials 
• Faster Ion and electron transport 

• Improved chemical & thermal stability. 

Morphology Control 

• Improved structural stability 

• Faster ion and electron transport 

• Modified reactivity 

Coating and Encapsulating Materials 

• Protection from electrolyte 

• Prevention of electrolyte decomposition 

• Stabilisation of surface reactions. 

• Conductive media 

Modification of Electrolyte 

• Formulation of passivation layers on the 

surface of the electrode 

• Controlled solubility of active materials and 

decomposition products. 

Table 1.1: Different strategies used to improve the performance of Li+ battery electrodes 

 

A significant amount of development in electrode materials is focused around nanotechnology. 

Nanoscale materials can lead to increased capacities and improved rate performance due to the 

increased rate of transfer of electrons and Li+ to and from the electrodes.[110] By reducing the 

size of the material it increases the surface area which provides easier access to active sites 

with shorter diffusion path lengths. The larger surface area reduces the polarisation of the 

electrode during cycling, this enables the power density to increase as it possesses faster 

diffusion kinetics and more redox active species available for storage at higher discharge 

rates.[110] Reducing the size of the structures down to nanoscale gives the materials more 

mechanical stability, and makes them more resistant to structural damage during the phase 

changes that typically take place that during the lithiation/delithiation process.[111] The structure 

of the materials can be tuned in order to reduce issues caused by large volume changes (up to 

300 %)[112] that can take place during the lithiation/delithiation either by accommodating it or 

by inhibiting the process.[113,114] There has also been examples where reducing the dimensions 
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of materials to the nanoscale has allowed materials that were previously inactive to become 

active materials for energy storage.[115] Part of the reasoning for this is due to the formation of 

partially bonded atoms with higher surface energies making them more reactive. 

 

However this strategy has its disadvantages, producing materials at the nanoscale leads to a 

higher inter-particle resistivity meaning that the resistance for current transferring between two 

separate particles is increased, decreasing the electrical conductivity between separate 

particles. In addition to this they are more prone to side reactions and agglomeration which 

causes significant decrease in their storage capacity over the course of cycling.[116] There are a 

number of strategies used that are attempting to overcome these issues such as synthesising 

materials in the form of nanoclusters where several nano particles are linked together.  

 

It is typical for a combination of these strategies to be used rather than only using a single 

approach. Further increases in performance is achieved as the synergic effects of a combination 

of strategies reduces the disadvantages produced by the single approaches used alone.[117] 

 

The next section discusses materials produced in state of the art research and how the use of 

the previously mentioned strategies has improved the results of materials that have been studied 

previously. This will then be followed by the latest new materials and strategies used to 

improve the performance of Li+ ion batteries.  

 

1.5.1.1. Anode Material Enhancements  

1.5.1.1.1. Intercalation Materials 

Graphene is a material that has been investigated thoroughly since its discovery in 2004 and 

possesses a number of advantages such as excellent conductivity, high mechanical stability and 

a large contact area to interact with the electrolyte. It is itself a redox active material and is 

capable of storing Li+.[118,119] One example where graphene oxide is reduced producing a 

material with a more open and porous structure, enabled increase access of electrolyte to 

provide improved Li+ diffusion kinetics within the material and its performance at higher 

discharge rates.[119]  
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Another example of graphene as an effective electrode material is when graphene is doped with 

different atoms such as nitrogen, boron and phosphorous.[120–122] The doping causes a change 

in the electronic structure of the material improving the energy storage on the surface. Such 

materials have been able to produce capacities almost double that of the traditional graphite 

material at high discharge rates.[119] Graphene has also been frequently used as a conducting 

additive and a support for other material in order to utilise the synergic effects of both materials.  

 

However, despite these improvements due to the advantages of higher energy density offered 

by conversion compounds redox chemistry more attention has been focused around these 

materials  

 

1.5.1.1.2. Conversion Materials  

Conversions materials offer very large theoretical capacities (>1000 mAh/g )[89] due to their 

ability to store more than one Li+ per transition metal (Equation 1.6).[123] However, these 

materials suffer issues due to the large volume expansion (up to 300%)[112] that takes place 

during the lithiation/delithiation process. This causes issues with capacity loss either due to 

loss of electrical contact, side reactions or loss of structure causing increase in SEI formation 

and side reactions.  

 

Equation 1.6   MxOy + 2yLi+ +2ye- = xM + yLi2O 

 

The typical strategies used to overcome the issues of these compounds are to synthesizing them 

at the nanoscale, to control the degree of volume changes that take place within the material. 

This is often coupled with void space engineering where the materials are designed with an 

internal void space to accommodate volume expansion without damaging the structure.[124] The 

alternative strategy is to synthesis a protective coating around the outside of the material to 

help improve the stability of the material during cycling.  

 

Transition metal sulphides such as Co3S4 and Ni3S4 are materials that are traditionally hindered 

by volume changes and side reactions and poor cycling stability.[125] When synthesised in 

nanotubes onto graphene, the conductivity of Co3S4 was significantly improved, the porosity 

inhibited anion dissolution into the electrolyte allowing improved cycling performance of the 

material.[126] Ni3S4 and annealed doped with graphene nanoparticles, was able to achieve a 
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capacity of 1323 mAh/g after 100 cycles at a discharge rate of 0.2 C compared to 494 mAh/g 

for the un-doped material. This improvement was attributed to the favourable Li+ diffusion 

caused by improved conductivity and increased in the amount of amount of Li+ stored per 

molecule.[127] 

 

In order to overcome issue with volume and structural change during cycling, controlled 

morphology, protective coatings, transition metal doping and void space engineering has been 

employed. 

 

Good results were achieved by silicon based anode materials created using the synthesis of 

nanoparticles in clusters within an external shell coating, coupled with an internal void space 

within the external coating.[111] This void space ensured that the volume change of the 

nanoclusters during cycling has no effect on the size of the overall particle and the formation 

of the SEI on the external coating surface. This improved cycling retention of 97% capacity 

retention after 1,000 cycles and enables the materials to maintain conductivity.[111]  

 

Selenium nanoparticles doped with cobalt onto the core shell. The nanoparticles enabled the 

conductivity of the material to increase making more redox sites accessible to Li+ storage. This 

was then protected with a cobalt coating to prevent direct reaction with the electrolyte. This 

composite materials were made on a graphene support that allows the volume expansion to be 

tolerated during the lithiation/delithiation process without damaging the structure.[118] This 

combination provided capacity retention of almost 100% and capacities of 1615 mAh/g after 

100 cycles compared to <400 mAh/g of the standard oxide material.[118] 

 

1.5.1.2 Cathode Material Enhancements  

Typical issues of Cathode materials are that they suffer from slow Li+ diffusion kinetics that 

limit their power densities[128] 

 

1.5.1.2.1. Layered  

When materials such as LiCoO2 have been doped with metal elements such as Al and Cr [129,130] 

this has enabled them to overcome the issues of thermal and chemical stability and limited 

capacity but with limited success. Mixed metal oxides such as LiNiMnCoO2 have improved 
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their capacity by synthesising a material that is macroporous, producing a material with 

capacities as high as 234 mAh.g-1, whilst also maintaining its cycling stability at elevated 

temperatures up to 50 °C.[131] However the best performance improvement for layered oxide 

materials has been achieved from the use of protective coatings. LiNi0.68Co0.18Mn0.18O2 was 

synthesised creating a Ni rich core possessing the stoichiometry of LiNi0.8Co0.1Mn0.1O2 

combined with a more Ni deficient outer layer comprising of LiNi0.46Co0.23Mn0.31O2.
[132] This 

combination of different compositions within the same material provides two advantages. First 

a higher energy density as the Ni rich core allows more higher Li+ extraction, secondly the 

higher Mn and Co content in the outer layer increases the stability of the material.[132] The 

overall effect is to provide higher energy and power density without structural deterioration 

during cycling to provide increase capacity and better cycle life. 

 

1.5.1.2.1. Phosphates 

A frequent strategy to overcome the poor electron conductivity of olivine phosphates such as 

LiFePO4 has been the reduction in particle size. This increases the rate of the 

lithiation/delithiation process and as a result the capability of the material to perform at higher 

discharge rates.[133,134] However this has a detrimental effect on Li+ diffusion properties 

throughout the material. The increased surface area also causes an increase in the number of 

side reactions with the electrolyte leading to increasing in SEI, which in turn leads to greater 

capacity fading. These issues are currently being investigated with development of modern 

electrode materials. LiFePO4 has also been doped by replacing Fe or Li with other elements 

(e.g. La, Ce, Nd, Mn, Co, Ni)[135] which increases the rate performance of the material due to 

improved conductivity. 

 

The addition of conductive coatings such as carbon and conducting polymers produces greatly 

improved conductivity[136] (up to 107 times)[137] improving the rate performance without the 

increase in SEI formation seen with increase in surface area. This combination of Ni and carbon 

doping enabled the materials to produce capacities of 150 and 130 mAh/g at discharge rates of 

10 and 15 C respectively and were able to maintain nearly 100% of their initial capacity after 

1000s of cycles, demonstrating outstanding rate performance.[137] This approach has its own 

disadvantages, by adding additives and coatings to the material this both increases the weight 

and volume without adding additional capacity. Although the rate performance improves, the 

energy density per gram or volume will decrease. Therefore it is necessary to compensate 
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between improvements in conductivity with loss of energy density caused by the increase in 

weight. 

 

1.5.2. Next Generation Electrode Materials  

1.5.2.1. Nanoarray Used for Li+ Batteries 

1.5.2.1.1. Fundamentals of Nanoarrays as Li+ Battery Electrodes: 

One of the essential properties of Li+ battery materials is that of volumetric and gravimetric 

capacity, both of which are essential when it comes to the design of storage materials for 

commercial applications. The main objective is to maximise the amount of energy per unit of 

weight area and volume, with the objective being to store as much Li+ as possible per unit.  

The development of conversion materials such as vanadium, iron, nickel and mixed transition 

metal oxides means there is an opportunity to create materials with significantly larger 

capacities due to their ability to store multiple Li+ ions per transition metal (Equation 1.6).  

 

As mentioned in section 1.2.3.1, nanostructuring has been used to increase surface area and 

improve charge transfer reaction kinetics. However these materials still suffer a number of 

problems such as high intrinsic impedance caused by poor electron conductivity between 

adjacent particles,[116] and irreversible capacity loss due to the decomposition of electrolytes 

and SEI formation on the surface of the material. These factors continue to hinder the materials 

preventing them from fully optimising their Li+ storage potential.  

 

One strong candidate, for future high performance Li+ battery materials, is self-supported metal 

oxide nanoarrays.[104] These remove the need for electrodes materials to be made into pastes 

and coated onto copper or aluminium foil. The traditional paste based method of making 

electrodes provides less electrical contact between the active material and the current collector 

which increases resistance due to grain boundaries between adjacent particles. In self-

supported nanoarrays the active material is grown directly onto the current collector therefore 

removing the need for electrically insulating binders. They have adverse effects on conductivity 

and Li+ storage capacity as well as the need for conducting additives such as carbon black 

which decrease the energy density of the material.[138,139] Typically conducting substrates are 

made from Ti, Al, Ni or Cu and are used to support the synthesis of the nanoarrays. The choice 

of current collector is typically dependent upon the conditions required to synthesis the 



 

36 

 

nanoarrays, e.g. Ti substrates are suitable for acidic synthesis conditions, whereas Cu and Ni 

are well suited to alkaline conditions.[140]  

 

There are a number of advantages offered by the use of self-supported nanoarrays for use as 

Li+ battery electrode materials. 

 

1) Nanostructure active materials: Synthesising nanoscale materials reduces the Li+ 

diffusion path length and increases the active surface area of the material. This provides 

increased interaction between the electrolyte and the active material through increased 

access leading to improved rate capabilities due to accelerated transfer kinetics and 

increased access for Li+ storage sites.[141,142] 

 

2) Direct pathways for electron transport: Due to the materials being grown directly on 

the current collector substrate, the interface resistance at the grain boundaries is 

significantly reduced. This gives the material highly efficient electron transport 

throughout the entire structure improving the conductivity[143,144] and enables fast 

electron release and capture to and from the external circuit thus producing higher 

performance at higher discharge rates.  

 

3) Tuneable free space within the nanoarrays: Due to the issued caused by volume 

expansion, typically observed during the discharge process of conversion materials, the 

ability to introduce enough free space is highly desirable. Introducing void space to the 

interior of these nanoarrays in addition to interspaces between the arrays themselves 

provides a useful way to ease the strain caused to the material by large volume 

change.[145] This avoids damage to the structure and the separation of the active material 

from the substrate and enhances cycling stability and capacity retention. 

 

4) Controlled morphology: The performance of a material is largely dependent on the 

structural morphology.[47] The synthesis of self-supported nanoarrays is easily modified 

by adjusting one of a number of different synthesis parameters. Nanoarrays can be 

functionalised or fine tuned to encourage features such as porosity or using multiple 

oxides synthesised through multiple stages of reactions to give the desired properties 

and characteristics.[140] 
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5) Tuneable structure of conducting substrates: In addition to the nanoarrays it is also 

possible to fine tune the substrate current collector.[140] For example self-supported 

nanoarrays on a 2D substrate exhibit excellent capacity retention at high discharge rates 

however they suffer from restricted capacity due to the limited loading that is obtainable 

on a 2D substrate. The use of 3D porous substrates offer a higher loading densities and 

increased electrolyte access. 

 

In the next section different types of nanoarrays are discussed and their effect on the Li+ storage 

properties of the material.  

 

1.5.2.1.2. 1D and 2D Nanoarray Materials 

1D nanoarrays are obtained by the synthesis of structures such as nanowires, nanotubes and 

nanorods on a planar substrate. One example of a 1D nanoarrays as a Li+ battery anode is SnO2. 

These materials showed significantly increased capacity performance compared to the standard 

nanorods and nanoparticles.[146] The capacity retention was superior producing a capacity of 

580 mAh/g after 100 cycles compared to previously reported samples that achieved only 300 

mAh/g after 30 cycles at 0.1 C. The nanoarray also produced a capacity of 350 mAh/g at a 

discharge rate of 5 C after cycling, displaying excellent rate capability.[146] Another example 

of a 1D nanoarray as an effective electrode material is CuO which is usually subjected to a 

large volume change of approximately 170% during cycling.[147] By synthesising a nanorods 

on a Cu substrate it was able to achieve a capacities of 650 and 450 mAh/g after 100 cycles at 

discharge rates of 0.5 C and 2 C respectively exhibiting improved rate capability and high 

capacity retention.[147] 

 

One example of a nanoarray used as a Li+ battery cathode material is that of V2O5 nanobelts.[148] 

By synthesising these nanoarrays on a titanium substrate, the materials were able to achieve 

capacities of 255 mAh/g after 50 cycles a significant capacity retention within the material 

given the theoretical capacity is 294 mAh/g.[148] 
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1.5.2.1.3. Hierarchical Nanoarrays.  

Hierarchical nanoarrays consist of materials structures made using the assembly from the 

combination of various reactions using different building blocks to produce different structural 

features and functionalities at different sizes and scales.[149] Using this strategy it is possible to 

construct a material with all the desired features through careful selection of different reactions. 

For example small particles with a large surface area could first be synthesised, followed 

subsequently by the introduction of additional features such as porosity and void space.[140] 

These additional features enable increased advantages over the synthesis of simple nanoarrays. 

 

The anode material Co3O4 typically suffers from large irreversible capacity loss and large 

volume expansion reducing its capacity retention performance.[126] By synthesising nanowire 

arrays grown on Ti foil, combined later with reactions that introduced porosity to further 

enhance the performance of the materials. This was demonstrated by its capacity values of 700 

and mAh/g after 20 cycles at discharge rates of 1 C compared to the non supported nanowires 

producing only 350 mAh/g.[150] The nanoarrays also showed rate capabilities of 450 and 240 

mAh/g after 20 cycles at discharge rates of 20 and 50 C respectively, demonstrating excellent 

rate performance.[150] 

 

The cathode material LiCoO2 was synthesised into nanoarrays by first synthesising nanoarrays 

of Co3O4, followed by lithiation and subsequent treatment to produce LiCoO2 arrays with high 

porosity and were capable of retaining 90% of their initial capacity after 50 cycles compared 

to the non supported nanowires retaining only 68%.[151] In addition the material was able to 

produce capacities of 103 mAh/g after cycling at a discharge rate of 10 C, showing significant 

improvement in its capacity retention and rate performance.[151] 

 

1.5.2.1.4. Heterostructured Nanoarrays 

One of the remaining issues with hierarchical nanoarrays are that, despite successful synthesis 

strategies, the materials still suffer from the same weaknesses inherited from the metal oxide 

from which they are made.[152] For this reason the use of heterostructured nanoarrays offers the 

ability to utilise a combination of different materials, combining metal oxides and other 

materials such as carbon. They supplement each other to further improve their performance 

while also reducing the weaknesses offered by a single material. 
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One example of an effective heterostructured nanoarray is the use of Li4Ti5O12 in conjunction 

with MnO2.
[153] Li4Ti5O12 undergoes negligible volume expansion and possesses excellent 

cycling performance but possesses a low capacity,[154] whereas MnO2 possesses high capacity 

and poor cycling performance.[155] By combining the two together, it creates a material with 

improved performance. TiO2 nanoarrays were created as the scaffold, these were coated with 

carbon before nanoparticles of MnO2 were attached onto the surface of the nanoarrays. This 

material possessed considerable improved capacity increasing from 130 to 170 and 352 mAh/g 

for TiO2 only, carbon coated TiO2 and the TiO2/MnO2 composite materials respectively.[153] 

The composite material was able to achieve a capacity of 130 mAh/g after 100 cycles at 30 C.  

 

1.5.2.1.5. 3D Nanoarrays  

The development of nanoarrays has since progressed to the creation of 3D porous substrates 

upon which to synthesis the metal oxide nanoarrays. This offers further advantages to the 

previously mentioned 1D and 2D nanoarrays. The main advantage of 3D substrates over 2D is 

the ability to accommodate a higher loading of active material onto the substrate.[140] This gives 

the opportunity to increase the gravimetric and volumetric capacity of the material. The 

porosity of these 3D substrates offers more pathways for the electrolyte to penetrate through 

the material increasing the number of reactions taking place at the surface of the nanoarrays 

and improving the Li+ diffusion kinetics. 

 

One example of an effective 3D nannoary is hetrostructured CuO/CoO nanoarrays were created 

by Zhang et al.[156] by first creating Cu(OH)2 nanorods prepaired on copper foam. Co 

nanosheets where fabricated uniformly on top of the nanorods and these were finally calcined 

to form CuO/CoO core shell heterostructured nanoarrays. These materials were able to achieve 

capacities of 1364 mAh/g after completing 50 cycles at lower discharge rates of 100 

mA/g.[156]At high discharge currents of 4 A/g the material was able to achieve 342 mAh/g 

displaying excellent rate capability compared to standard arterials. 

 

1.5.2.2. Li+ Rich Layered Oxides 

The development of Li+ rich layered oxides for high voltage cathodes is another strategy 

currently being investigated for future higher performance Li+ batteries. These Li+ rich metal 

oxide materials such as Li2MnO3 are of high interest because they can store up to two Li+ per 
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transition metal centre. The capacities achieved are significantly higher (> 270 mAh/g) with 

the working potentials situated at high potential values(2.4-4.7 V).[157] The combination of both 

properties means these materials possess superior energy densities to that of traditional layered 

materials which typically possess either a high capacity or a high working potential. On 

example of a Li+ rich layered oxide Li(Li0.2Mn0.54Ni0.13Co0.13)O2 was able to achieve capacities 

as high as 295 mAh/g.[158] The only difference is the presence of Li+ in the transition metal 

layer.  

 

The excess Li+ is situated within the transition metal layers and causes the ordering of cations 

present within the structure. Crystalline structures of these materials are of a rock salt structure 

with symmetry similar to layered oxide materials. This ordering causes the creation of a new 

phase within the material.[15] However when the materials are charged beyond 4.4 V, Li+ is 

extracted from the transition metal layer, damaging the cation ordering within the structure. 

For this reason best cycling performance is achieved when the cut off potential does not exceed 

4.4 V. In addition the materials suffer from poor kinetics and large voltage decay during 

cycling. 

 

Research using these battery materials is ongoing in order to determine methods of maximising 

the performance of such materials.  

 

1.6 High Surface Area Mesoporous Transition Metal Oxides 

1.6.1 Background and Development 

The first synthesis of highly ordered mesoporous oxides was carried out in the 1990’s in 

research carried out by Mobil into the formation of porous aluminosilicate structures such as 

MCM 41[159] and MCM 48.[160] These structures were synthesised using what is referred to as 

a liquid crystal templating mechanism shown in Scheme 1.1, sometimes referred to as a 

surfactant templating mechanism. This uses surfactants which bond with the precursors before 

forming micelles, the micelles are left to arrange into hexagonal rods and then calcined 

enabling the silanol groups to form silicon-oxygen bridges into shape around the cylindrical 

micelles.[159] During the calcination process the organic template becomes oxidised and is 

removed to leave a hollow crystalline structure with well-formed pores, a narrow distribution 
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of pore sizes and very high surface areas (≥1500 m2/g). These kinds of structures can be used 

as templates themselves making them very desirable. 

.  

 

Scheme 1.1: Scheme depicting the synthesis procedure of MCM-41 [161] 

 

Once these materials had been successfully synthesised, changes were made to the templates 

and it was discovered that the materials can be tailored to give specific pore sizes (between 1 

nm-10µm)[162] and different structures depending on the synthesis conditions used. 

 

Once the development of these mesoporous silica had been completed, the focus moved 

towards the development of similar materials using transition metal oxides. The advantages 

offered by the variable oxidation states offered by the transition metals as well as their 

interesting optical and electronic properties. Transition metals would allow for all types of 

redox and catalytic applications. Antonelli and Ying in 1996 made the first high surface area 

mesoporous oxide that was stable after template removal.[163] Previously materials made from 

tungsten and lead oxides were unstable and lost their structure once the template was removed. 

After the synthesis of niobium oxide this was proceeded by high surface area mesoporous 

oxides made using Ti, Ta, Mo and Zr.[163–167] 
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These materials could not be calcined similar to those of mesoporous silica because heating 

above certain temperatures caused the materials to lose their mesostructure. Once the synthesis 

mixture is aged to a peak temperature, the template is removed by the addition of organic acids 

and ample washings with methanol dissolve and wash out the template. The final material is a 

highly porous amorphous transition metal oxide with very high surface area (>1000 m2/g). The 

manganese oxide material synthesised was the first material of its this kind to show 

semiconducting properties, as all other materials are insulating due to the amorphous nature of 

the pore walls.[9] 

 

Over the years various investigations have been carried out with these materials in order to 

fully optimise their potential in a variety of different applications.  

 

1.6.2 Applications in Photocatalysis  

There has been a considerable amount of interest in the use of mesoporous transition metal 

oxides for use in the capture of various gasses (e.g. CO2).
[168] This is needed to lower the effects 

of combustion of the greenhouse effect and the degradation of hazardous compounds such as 

organic pollutants into less harmful compounds via catalysis and the conversion of water into 

hydrogen and oxygen. These types of reactions occur as a product of photocatalysis. Initially 

mesoporous Nb and Ti oxides were investigated due to the possible advantages offered by the 

photoactivity, high surface areas and controlled porosity of the material. Titanium based 

materials are cheaper and show effective electron hole separation causing it to be an effective 

electron acceptor.[169] The results of studying these amorphous materials showed the materials 

possessed lower photoactivity than seen in the lower surface area crystalline materials. This 

was attributed to the amorphous pore walls resulting in low conductivity. Therefore for the 

materials to be an effective photocatalyst, the conductivity of the walls must first be improved 

in order to increase the photocatalytic activity. 
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Figure 1.13: Diagram depicting the photocatalytic process of water degradation using Ta2O5 

 

 Tantalum oxide has been investigated for its potential applications as a photocatalyst. Domen 

et al.[170] initially reported the effectiveness of mesoporous tantalum oxide as a photocatalyst 

in the UV region of the spectrum for the purposes of producing H2 and O2 from water (Figure 

1.13).[171] Once loaded with a NiO catalyst the high surface area materials were found to 

increase the photoactivity of tantalum oxide and were more effective catalysts than those 

materials made using other methods. This improved performance was attributed to the higher 

NiO loading achieved in the high surface area porous host.[171] In addition, the ability for 

tantalum materials to undergo calcinations without complete loss of pore structure increases 

performance as the walls are able to become more crystalline due to the higher thermal stability 

of the tantalum materials. 

 

1.6.3 Alkali Reduced Nb Ti and Ta oxides 

 The electron acceptor properties mesoporous oxides were investigated using alkali reduction 

reactions.[172] The insertion of the electrons into the structure could not be carried out until the 

formation of the mesostructure, as these air sensitive reagents Na naphthalene would affect the 

formation of the mesostructure during synthesis. The Na naphthalene was successfully able to 
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reduce Nb5+ to Nb4+ whilst retaining its mesostructure. This procedure was repeated with Ti 

and Ta materials giving stability ratings of Ta>Nb>>Ti.[9] The band gap for materials is usually 

between 3.3-4 eV with a gap of 2.1 eV between the impurity band and the conduction band 

(Figure 1.14). 

 

 

Figure 1.14: Energy level diagram of electronic structure of high surface area amorphous oxides  

 

The ability of these material to maintain their mesostructure during reduction was attributed to 

the flexibility of their amorphous nature, which can better accommodate the changes that 

accompany reduction,[169] compared to rigid crystalline materials which usually lose their 

porosity upon reduction. The Nb and Ta materials are insulating with the Ti material showing 

to be a low conducting semiconductor. This is attributed to Anderson’s localisation [9] which is 

caused by the absence of diffusion in a disordered medium leading to the localisation of 

electrons. It was proposed that the Ti material undergoes a transition to a more continuous 

electronic state that allows it to act as a semiconductor.  

 

1.6.4 Superparamagnetic Cobaltocene Composites 

 When mesoporous Nb oxide reacted with certain concentrations of cobaltocene (Figure 1.15) 
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 (>1:2 ratio of Co:Nb) the results produced a noticeable effect on the magnetic properties of 

the material, switching from paramagnetic to super paramagnetic[173] whereas the bulk Nb2O5 

does not react with the cobaltocene. This super paramagnetic behaviour is usually only seen in 

nano sized granules, and was attributed to the broad distribution of D bands present in the 

amorphous walls. This broad distribution of D bands enables the reaction with the cobaltocene, 

not typically possible with crystalline materials with a narrower band structure. This 

superparamagnetic behaviour was not observed in other reduced mesoporous oxides therefore 

the property was attributed to the presence of the cobaltocene. Changes to pore size of the host 

material made little difference to the properties however other metals did not absorb as much 

cobaltocene and failed to show super paramagnetic properties. 

 

 

Figure 1.15: Neutral and Cationic Cobaltocene structures  

 

1.6.5 Oganometallic Molecular Wires (Benzene2Cr)  

Research progressed to the use of organometallic molecular wires to create a conducting 

pathway throughout the pores of the material.[10,174] This was achieved by synthesising 

composites of mesoporous oxides with a number of early transition metal complexes. When 

these were reacted with mesoporous Nb oxide the composites were able to maintain their 

porosity, with both the neutral and cationic forms present within the walls of the structure, 

producing conductivities up to 10-5 S.cm-2.[10] This is a result of the hole produced by the 

reduction of the molecular wire behaving as the charge carrier enabling electron transport down 

the chain by a hopping mechanism. It is necessary for both forms to be present for the molecular 

wires to be conducting with the cationic forms acting as a charge carrier. However having only 

cationic forms present reduces performance due to electrostatic repulsion and pure uncharged 

bis(benzene) chromium, as seen in Figure 1.16, is insulating as there are no charge carriers. 
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Figure 1.16: Structure of bis (benzene) chromium 

 

In this investigation the doping levels were significantly lower at less than 0.01 equivalents 

compared to the 0.5 seen in cobaltocene composites. The disadvantage to this approach is the 

air sensitivity of the molecular wires because when left in air the compounds become 

insulating.  

 

1.6.6 1D Alkali Fulleride Wires  

Building on the success achieved using Na naphthalene, composites were made using alkali 

fullerides to make conducting nanowires and explore the effect of 1D intercalation on 

superconductive and metallic states of the fullerides. This produced high conducting 

composites of mesoporous Nb oxides with KC60 nanowires within the pores.[11,175] The 

oxidation state of the fulleride is essential to the electron conducting properties of the 

nanowires. When reacting the fullerides with the transition metal oxides alone, the oxidation 

state of the fulleride was 0.5 and produced conductivities as high as 10-3 S.cm-2.[176] The effect 

of oxidation state was further investigated by increasing reduction using Na naphthalene. These 

results showed two conductivity maxima at oxidations states of 2.6 and 4.1 with peak 

conductivity at 10-1 Scm-2.[177] Changes made to pore size and choice of transition metal had 

little effect on performance. However EPR studies showed a much higher number of states 

present near the Fermi level, typically seen for materials approaching metallic behaviour.  

 

The next section will discuss aspects surrounding electron conductivity focusing on how it 

works and a variety of methods used to improve it.  
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1.7 Electron Conductivity 

Electron conductivity is an essential characteristic of battery materials and determines the rate 

at which electrons can be transported throughout the material.  

 

1.7.1 Band Theory 

Band theory is the best means to explain electron conductivity in solid materials with the 

electronic structure of the materials split into different bands determined by the bonding 

orbitals used within the material. The arrangements of these bands and the degree to which the 

electrons fill them are essential and determine the electron conductivity of the material. 

Electrons can only exist within these orbitals which combine together to make up energy bands. 

Depending upon the structural arrangements and degree of crystallinity, the orbitals exist at a 

variety of different energy levels and arrangements. According to Hund’s rules the electrons 

must distribute throughout the orbitals from the lowest energy upwards until they are filled as 

much as possible with minimal repulsion between electrons. This distribution of electrons in 

the bands determines the properties of the material. The distribution of these orbitals 

determines the order in which they are filled.  

 

 The outermost orbitals with electrons furthest from the nucleus of the atoms affect the 

properties of the material, and are split into two different bands. 

 

(1) The valance band: The band that contains electrons within the highest occupied 

molecular orbital's (HOMO) of the materials. These are typically the orbitals 

containing the electrons involved in bonding. 

 

(2) The conduction band: The band that contains the lowest unoccupied molecular 

orbital's (LUMO), the orbitals situated above and closest to the valance band. 

 

In order for electrons to be transported throughout the material an electron must be able to be 

promoted from the valance band to the conduction band, examples of orbital fillings for 

different types of materials are shown in Figure 1.17. Materials that possess a completely filled 

or empty band are non-conducting (insulators (a)). These materials require energy to move the 

electron from the HOMU to the LUMO, presenting an energy barrier which prevents electron 
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transport through the material. When a material possesses bands that are partially filled, it is 

easy to promote an electron from the HOMO to the LUMO. Such materials possess metallic 

conductivity (b) as there is little or no energy barrier required to make the transition.  

 

 

Figure 1.17: Demonstration of differnt band filling in materials that are (a) insulators, (b) metallic and (c) 

semiconductors  

 

When a band is filled completely but the conduction band is only slightly higher in energy, it 

possesses a small band gap. Thermal or photoexcitation produces improvements in 

conductivity as the required energy is externally supplied. These types of materials and referred 

to as semiconductors (c).[178] 

 

1.7.2 Methods of Improving Conductivity 

It is possible to improve the electron conductivity of materials by doping them with other 

elements or compounds within the materials which will raise the HOMO or lower the LUMO, 

thus reducing the band gap and enabling the transport of electrons throughout the structure. 

 

The dopants used to improve the conductivity of such materials can be separated into electron 

donor dopant (N-doping) or electron acceptor dopants (P-doping). 



 

49 

 

 

Figure 1.18: Molecular orbital band structure for N-type and P-type doped semiconductors 

 

P-Doping, referred to as acceptor doped semiconductors, is the process of doping a material 

with an electron deficient species. For example doping silicon based semiconductor with boron 

or a metal oxide with nitrogen. This type of doping produces a material with less valence 

electrons than the initial semiconductor. This creates electron holes above the valance band 

(Figure 1.18) which produces a series of shifts in electrons from neighbouring atoms to fill the 

holes enabling movement of charge thought the structure. The presence of such holes acting as 

charge carriers.[179]  

 

N-Doping, referred to as donor doping, is the exact opposite, this process is where the host 

material being doped with an electron rich species contains more valance electrons than the 

initial semiconductor, for example doping Si with phosphorous. In this type of doping, the 

presence of more valance electrons leads to weakly bonded electrons situated just below the 

conduction band (Figure 1.18). This allows the charges to migrate more easily through the 

material with these extra valance electrons acting as charge carriers.[179] 

 

Another doping approach to produce improved conductivity is to use dopants which are of the 

same group but possess larger molecular orbitals, for example doping oxides with atoms of 

sulfur or selenium. The reasoning for this strategy is that the presence of larger orbitals will 

increase the orbital overlap. The atomic radius of atoms increases going down the group, 

producing orbitals with a greater overlap and are situated at higher energies. This increase in 

overlap between neighbouring orbitals leads to either a reduction in the band gap (Figure 1.19) 
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between the conduction band and the valance or it can eventually lead to overlap between the 

two bands,[180] leading to a partially filled band and metallic conductivity. 

 

 

Figure 1.19: Electronic structure energy level diagram of undoped and doped transition metal oxides 

 

The final approach to doping is to make a complex or composite material where the host 

material is either coated or impregnated with an electron conducting material such as carbon 

black, electron conducting polymers[181] or molecular wires.[10] These materials provide a 

conduction pathway into and throughout the host material which passively improves the 

conductivity as opposed to the active methods discussed previously. 

1.8 Electron Conjugated Polymers. 

1.8.1 General Background  

Electron conducting polymers have existed for a number of years and are commonly used to 

improve the conductivity of materials. When first investigated, these organic polymers were 

found to be insulating so were not initially used as electron conductive additives.[182] Over time 

it was discovered that by doping the polymers during synthesis, they become highly conducting 

due to the loosely bound charges located along the polymers chain acting as charge carriers. 
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When these loosely bound charge carriers are coupled with a long chain of conjugated bonds, 

this enables fast and easy charge transport. The properties of these materials were not 

investigated in great depth until the 1970's. There was a difficulty synthesising the polymers 

due largely to the insolubility in both organic and aqueous solvents, making solution based 

synthesis procedures very difficult to develop. It is for this reason that in more recent studies, 

branched versions of the polymers are now used in order to encourage solubility in solvents for 

ease of processing. Due to the combination of high conductivity, mechanical stability and 

environmentally friendly nature of the polymers they remain useful and are still regularly used 

in research.[183] Common applications for conducting polymers include capacitor electrodes, 

battery membrane separators, protection against corrosion and electromagnetic interference 

imaging.[184,185] There are a number of different methods of synthesising conducting polymers 

with the two main techniques including chemical oxidation using an oxidant[186] and 

electrochemical polymerisation by sweeping the voltage of an electrode in a solution of 

monomer within a set potential window.[187] This initiates a polymerisation reaction of the 

monomer to form a polymer with dopants incorporated from the electrolyte. The 

electrochemical polymerisation synthesis route consistently produced higher conducting 

polymers than the chemical oxidation route. The route utilising a chemical oxidant leads to an 

easier and simpler synthesis procedure.  

 

1.8.2 Polythiophene  

1.8.2.1 Background 

Polythiophene is an electron conducting polymer made up of monomer units that are a 

heterocyclic five membered conjugated ring containing a sulfur atom as can be seen in Figure 

1.20. 

 

Figure 1.20: Units of thiophene and polythiophene 
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Despite being highly conjugated, the polymer chain is not conducting under standard 

conditions therefore it requires doping to become conducting. This is achieved in a similar way 

to that of a P/ N doped semiconductor, by adding or removing electrons to the structure creating 

charge carriers. 

 

These polymers require significantly higher levels of doping than in typical semiconductors to 

become conducting. For example, typical semiconductors are doped at ≤1%, whereas 

polythiophene or other similar polymers must be doped at levels of 20-40% to reach their 

maximum conductivity.[188] 

  

In the synthesis of polythiophene, the monomer is oxidised either electrochemically or 

chemically removing an electron from the structure which produces a cationic radical electron 

deficient species. This leads to the formation of a polymer and the incorporation of counter 

ions to balance the charges created during the synthesis, this type of doping is similar to that 

of a P-doped semiconductor. A variety of different doping ions have been used, typically those 

of the halogens such as Br-, I- and Cl- have produced some of the best conductivities. The 

dopants are not always highly stable with the counter ions present on the polymer backbone 

evaporating off of the structure slowly over time causing the polymer to become more 

insulating. 

 

Figure 1.21: Different forms of Polyaniline (a) leucoemeraldine, (b) emeraldine and (c) pernigraniline 

 

Polythiophene and its sister compounds such as polypyrrole are popular because of their ease 

of synthesis compared to other conducting polymers such as polyaniline. Polyaniline can exist 

in one of the three possible states depending upon the extent of oxidation within the polymer 

chains (Figure 1.21). Leucoemeraldine (fully reduced form), emeraldine (half oxidised half 
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reduced) and pernigraniline (fully oxidised) with only the emeraldine form having conducting 

properties. [189] Polythiophene and its sister compounds only produce one form of polymer 

which is always conducting when successfully doped. They are more popular because the 

synthesis procedure is more simplistic. 

 

1.8.2.2 Synthesis 

There are two different ways of synthesising depending upon the form which the polymer is 

required. Firstly, electrochemical polymerisation forms highly conducting forms of the 

polymer present as a film that forms on the surface of the anode.[190] Secondly, the polymer can 

be synthesised chemically using an oxidising agent to produce a powder.[191]  

 

There is a difficulty when carrying out synthesis because the thiophene is very insoluble in 

both aqueous and organic solvents with it only truly being soluble in solutions of arsenic tri 

and pentafluorides.[192] This has resulted in research that uses branched forms of thiophene or 

thiophene monomers containing functional groups to help solubility in a variety of solvents.[193] 

 

In the electrochemical synthesis procedure, a film is formed on the surface of the anode as the 

potential of the cell causes the monomers to become oxidised at the surface. This oxidation 

causes the incorporation of counter ions from the electrolyte to balance out the charges caused 

by the oxidation of the polymer. The key factors that influence the synthesis of conducting 

polymers is this procedure are: 

 

(1) Solvent used 

 

(2) Current density during synthesis 

 

(3) Choice of electrolyte and counter ions present 

 

(4) Presence of water in the electrolyte 

 

(5) Monomer concentration 

 

(6) Temperature 
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 The functional groups present on the monomer affects the potential which the thiophene units 

will become oxidised at the anode. The presence of electron donors on the monomer lowers 

the potential needed to oxidise the monomer where electron acceptor groups will increase the 

oxidation potential. The standard thiophene monomer will usually oxidise at a value of around 

1.5 V vs a saturated calomel electrode (SCE).[194] 

 

The chemical synthesis of thiophene was first deliberately synthesised in the early 1990’s using 

2,5 dibromothiophene with a nickel based catalyst.[195,196] This produced high molecular weight 

polythiophenes with good conducting properties. To be successful, the synthesis needed to be 

carried out under very strict conditions using low temperatures with no trace of water. Methods 

were developed using a less expensive oxidant (FeCl3) in organic solvents such as chloroform 

and carbon tetrachloride.[197,198] This synthesis required less strict conditions to be successful 

therefore simplifying the procedure, this is the most common chemical method used to make 

polythiophene based materials. The use of FeCl3 as an oxidising agent has one disadvantage, 

upon completion of the polymerisation reaction there is some retention of the oxidising agent 

within the material, therefore there is a slight contamination of the sample in addition to extra 

weight being added.[199] 

 

 During the developments of the synthesis it was discovered that to achieve polymers with the 

best conductivity, initially lower ratios of catalyst to monomer concentration must be used. 

This helps the regioselectivity of the polymerisation process along with allowing the 

polymerisation process to take place at a slower rate.[200] Lower reaction temperatures produce 

longer polymer chains with higher conductivity in place of shorter chain lower conducting 

polymer made using higher temperatures.[201] 

 

Polythiophene has a number of applications within research, however none have been 

commercialised. The most popular application is for the use in electronic devices due to its 

beneficial electron conducting properties. The applications can be split into two categories,  

 

(1) Static applications: The intrinsic properties of the material are used such as additives 

to improve electron conductivity of materials.[202] 
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(2) Dynamic applications: The application of an external stimulus such as applying a 

potential to change the optical properties of the material.[203] 

 

1.8.3. Polypyrrole 

1.8.3.1 Background 

 

Figure 1.22: Units of pyrrole and polypyrrole 

 

Polypyrrole is conjugated hetrocyclic five membered ring, similar to polythiophene, with the 

exception that instead of sulfur it contains a nitrogen atom (Figure 1.22). 

 

 

 

Scheme 1.2: Mechanism for the synthesis of polypyrrole.[204] 
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The mechanism for the synthesis of polypyrrole is the same used to synthesise polythiophene, 

with the initial monomer being oxidised to form a radical cation, before combining with other 

radical cations to become reduced over time this forms a long chain polymer. The mechanism 

for the chemical synthesis method using the iron based catalyst FeCl3 can be seen in Scheme 

1.2.  

 

Polypyrrole is one of the most highly represented electron conducting polymers in current 

research due to the fact that it is  

 

(1) One of the easiest polymers to synthesise and is able to be synthesised in the presence 

of water unlike that of polythiophene.[205] 

 

(2) It is one of the most stable electron conducting polymers whilst still possessing high 

electron conductivities.[206] 

  

The undoped form of polypyrrole appears yellow in colour. Depending upon the thickness of 

the polymer and as the amount of doping increases it becomes dark blue or black in colour as 

it begins to absorb more light. This indicates that there are changes to the optical properties of 

the material. 

 

The best solvents used when carrying out chemical based synthesis method is either that of 

methanol or water with the oxidant FeCl3.
[207] As with thiophene based polymers, the polymer 

is formed when doped with counter ions. In chemical synthesis methods these are provided by 

the oxidant and in electrochemical methods these are provided by the electrolyte. The method 

used to make the polymer again depends on what form of polymer is required, either 

electrochemical producing films or chemical methods producing powders. The best oxidant to 

monomer ratio for pyrrole materials is stated to be 2.25 and 2.33 which produces maximum 

conductivity.[208] 

 

Polypyrrole unlike its sister compounds is able to be synthesised directly using UV light due 

to its optical properties. However polymers such as polythiophene have been able to be 

synthesised using photosensitisors such as iodinium salts.[209] Pyrrole is able to by 

photopolymerised with the aid of enzyme based catalysts.[210] This synthetic route can be used 
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to create composites other than films without the need for an external oxidising agent 

preventing the issues caused by the retention of FeCl3 post-polymer synthesis. 

  

As with most electron conducting polymers, many of its applications involve uses in electronic 

devices or as an electron conducting additive in the form of composite materials. Due to its 

optical properties polypyrrole is commonly used in optical devices such as solar cells,[211] in 

addition to these, there have been other applications investigated in modern research such as a 

catalytic support for a fuel cell,[212,213] gas sensors,[214–217] and even a support for drug delivery 

systems,[13,218] demonstrating the potential polypyrrole shows in more than just electronic 

devices. 

 

1.8.4 Polarons  

The previous section discussed band theory on electron conductivity which can be used 

demonstrate how electron conducting polymers possess high electron conductivity.  

 

The charge transport is carried out with the use of polarons and bipolarons. Polarons are radical 

cations distributed over a number of monomer units acting as charge carriers and bipolarons 

are diradical dications. The degree of doping within the polymer determines both how many 

polarons are present and whether they are present as polarons or bipolarons. In a similar way 

to that of electrons in a P-doped semiconductor, the delocalised charges enables electrons to 

move down the conjugated chain of the polymer and the formation of each polaron is balanced 

by respective counter ions such as I- and Cl-.[182,207] 

 

Once the polymer has been synthesised the backbone begins to undergo oxidative doping. The 

oxidation of the polymer chain leads to the extraction of an electron producing a radical cation. 

This forms localised states within the gap between the conduction band and the valance band 

in the electronic structure (polypyrrole 0.5 eV from band edges).[207,219] Further doping leads 

to further removal of electrons forming bipolarons. The bipolarons electronic states are located 

further from the band edge than polarons (0.75 eV polypyrrole) but are closer to each other, 

reducing the band gaps and increasing the number of charge carriers and therefore improving 

electron conductivity. As doping continues, bands of bipolarons form which eventually mix to 

produce partially filled bands and enabling metallic conductivity. 
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Figure 1.23: Electric struture bands for undopped electron conducting polymers, polarons, bipolarons and 

highly dopped electron conducting polmyers[219] 

 

During the synthesis, the polymers become oxidised with an electron being removed from the 

structure. An example includes polythiophene and polypyrrole having an electron removed 

from the five membered carbon ring, forming a radical cation(C+.).[207] The formation of the 

polaron leads to a change in the band structure of the material, this new radical forms a new 

states present within the band gap of the standard undoped polymer reducing the band gap 

(Figure 1.23). In pyrrole, the polaron states are situated 0.5 eV above and below the valance 

and conduction bands respectively. With increased doping and the formation of bipolarons 

these bands become closer in energy than those of polarons (pyrrole 0.75 eV from respective 

bands). With continuous increase in doping levels this leads to the formation of two new bands 

states above and below the standard bands of the polymer. This production of partially filled 

bands leads to metallic conductivity and explains their use as electron conducting additives. 
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1.9. Key Findings the Thesis 

Chapter two shows the first assessment of high surface area mesoporous TiO2 as a Li+ battery 

electrode. In addition, it was the first attempt to create a composite of these materials using 

electron conducting polymers via a vapour diffusion method followed by oxidation using a 

chemical oxidising agent. The synthesis of an electron conducting composite using this vapour 

diffusion technique proved successful after confirmation by NMR and IR spectroscopy. The 

characterisation demonstrated partial retention of the high surface area and mesoporous nature 

of the initial hosts. The oxides were assessed using electrochemical methods to investigate their 

reversibility, Li+ storage capacity, conductivity and the effect of different discharge rates on 

these properties. The composite materials were found to significantly improve in electron 

conductivity but at the cost of Li+ storage capacity. This was attributed to the reduction in Li+ 

transport through blocking of pores with excess polymer. The initial host material possessed 

the superior storage capacity however failed to retain much of its capacity over the course of 

50 cycles. 

 

In Chapter three the focus was on variation in synthesis conditions to observe the effects on the 

properties of the material in order to maximise electrochemical performance and retention of 

surface area within the material. The choice of polymer was changed from polythiophene to 

polypyrrole to simplify the synthesis procedure, with a variety of polymer loadings and using 

hosts of different pore sizes to investigate the effects of changing parameters. The results 

showed that Li+ storage performance and conductivity increases up to a certain content of 

polymer (5%). However excess content did not produce significant improvement and reduced 

Li+ storage performance by increasing the weight of the material and greatly reducing the 

surface area with only negligible increase in conductivity. This Chapter also assesses the effects 

of surface area on the initial capacity of the material and the pore sizes on the capacity retention. 

However the capacity retention was still not sufficient enough to be an effective battery 

material. 

 

Chapter four investigates the use of a new strategy of using UV induced synthesis of a 

conducting composite of polypyrrole and mesoporous Ti and Ta oxides. The effects on the 

properties of the material were observed, The Li+ storage performance increased and 

improvements were made to the long term stability through a direct reaction between the metal 

oxide host and that of the conducting polymer. The synthesis was successfully achieved and 



 

60 

 

confirmed by a full characterisation of the materials. This method produced significantly higher 

retention of surface area then the chemical based methods and produced similar improvements 

in conductivity to those seen using the chemical methods. The Li+ storage capacity increased 

slightly higher than those achieved via chemical doping however capacity retention and 

conductivity were not significantly improved compared to that of the previous methods. 

 

Chapter five investigates the use of sulfur donor agents to synthesis a reduced band gap 

semiconductors in the form of transition metal oxysulfides using a variety of temperatures and 

reagent quantities. This was achieved using the reagent HMDST with sulfur incorporation 

confirmed through materials characterisation. The conductivity was found to increase with 

reagent quantity and increasing temperature. However this produces a significant decrease in 

the surface area, and beyond the peak temperature the conductivity deteriorates. The increase 

in polymer content decreased the Li+ storage capacity of the materials. The best performing 

materials were those produced using large amounts of reagent at lower reaction temperatures, 

this enabled reasonable Li+ capacity values with high capacity retention, improvements on 

those achieved through conduction polymer doping methods. This synthesis strategy requires 

further work to improve it understanding and to optimise performance. 

 

Chapter six investigates the use of non-stoichiometric vanadium hydride gels in application as 

a low weight energy storage material. After being characterised to confirm the synthesis of a 

mixed valency hydride gel, the materials were found to be amorphous in nature with a low 

surface area. The Li+ storage capacity of the materials was found to be similar to that of bulk 

oxide equivalents; however the capacity retention was not sufficient for it to be a suitable Li 

battery electrode material. Finally it possessed an ability to be improved with development of 

the synthesis procedure.  
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Chapter 2 : TiO2 – Thiophene Composites Using a 
Chemical Synthesis in Organic Solvents 

 

2.1: Introduction 

One method for the improving conductivity of a porous materials is the use of oxidatively 

robust electron conducting polymers confined within the pore structure.[155] Bein et al. 

synthesised polyaniline nanowires in the pores of mesoporous silica [221] using vapour diffusion 

of aniline into the pores followed by polymerisation in situ using a Copper catalyst. This 

improved the bulk conductivity of the MCM-41 by almost twenty fold.[221] While this method 

offers an attractive alternative to the air sensitive dopants used previously by our group, the use 

of different conducting polymers may be preferred because polyaniline exists in numerous 

oxidation states, of which only one form (emeraldine salt) is conducting.  

 

Scheme 2.1: (1) Thiophene monomer vapour loading into the pours by diffusion; (2) the initial 

polymerisation of monomers to dimers using FeCl3 (3); the propagation of polymerisation in the pores to form 

longer chains of the conducting polymer. 

 

Presented herein is a synthesis of mesoporous titanium oxide with conducting polythiophene 

nanowires in the pores, and the subsequent characterisation and electrochemical evaluations 

compared to pristine mesoporous titania. The synthetic method is summarised in Scheme 2.1 

and uses the chemical oxidant FeCl3 to polymerise the vapour-loaded thiophene monomers 
[222] 

and forms a conducting polymer inside the pores of the oxide host, whilst still maintaining a 

high surface area with respect to titanias made by other synthetic routes.[31,222]  
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2.2: Experimental 

2.2.1 Synthesis Procedures and Research Methods 

Mesoporous TiO2 (m-TiO2) 

m-TiO2 was prepared according to the published procedure using ligand assisted templating. 

Thus, a 3:1 mixture of titanium isopropoxide (90 g) and dodecylamine (18 g) was treated with 

water (600 mL) to form a white gel and this was left to stand for 24 hours. To this mixture three 

drops of 12 M HCl were added, and the resultant solution was stirred and left to stand for an 

additional 24 hours before being transferred to an oven at 40 °C. After 48 hours the temperature 

was increased to 60 °C and the sample was aged for another 48 hours. This was repeated at 80 

°C, after which the solid was collected by filtration and placed into a dry sealed sample tube 

and returned to the oven at 100 °C for an additional 48 hours. The ageing process was 

completed at 120 °C for 48 hours and 140 °C for 48 hours, respectively. Removal of the organic 

template was accomplished by treatment of the material with p-toluenesulfonic acid (pTSA) 

(18 g) in methanol (600 mL) followed by stirring for 24 hours. Following filtration, the material 

was further treated with pTSA (23.4 g) and again stirred with methanol (600 mL) for 24 hours. 

This process was completed with three subsequent filtrations and washings with methanol with 

no further portions of pTSA.  

 

Trimethylsilylchloride (TMS-Cl) Treatment of Mesoporous m-TiO2 (m-TiO2-TMS) 

m-TiO2 was treated with TMS-Cl as described in previous publications [9] to cap any hydroxyl 

groups to prevent them from interfering with the electrochemistry by reacting with Li+. The 

mesoporous oxide was heated under vacuum at 200 °C overnight and then stirred with excess 

TMS-Cl in diethyl ether (50 mL) for 12 hours. Once completed the solid was filtered and 

washed with ether (4 x 50 mL) to remove residual TMS-Cl. This was then vacuum dried for 2 

hours to remove the remaining solvent.  

 

Composite Synthesis Procedure: 

Polythiophene Composite (Sample TC1) 

Polythiophene composites of m-TiO2 were prepared by first loading m-TiO2-TMS (ca. 300 mg) 

with thiophene monomer by vapour diffusion into the powder within a sealed container. This 
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was left for 24 hours to ensure that the pores were saturated with vapour to maximise thiophene 

uptake. The sample was then weighed to determine the thiophene content by difference. FeCl3 

with 4.0 equivalents respect to thiophene was then added to dichloromethane (5 mL) and this 

suspension stirred until a homogenous solution was achieved. To this solution the m-TiO2-

TMS loaded with thiophene was then added with stirring. This solution was then sealed and 

left to stir for 24 hours to complete the polymerisation. The resulting solid was then collected 

by filtration and washed (3 x160 mL) with dichloromethane, each time with stirring for 24 

hours, to remove residual oxidant. After the washing stage the product was dried under vacuum 

for 3 hours to remove any remaining dichloromethane. 

 

Polythiophene Composite (Sample TC2) 

The sample TC2 was prepared by the same procedure as stated above however it was subjected 

to extra washing steps after the above procedure was completed. Thus, the sample was washed 

for an additional 72 hours in 150 mL of methanol to remove any remaining traces of residual 

oxidant. Once filtered the sample was washed with 0.2M HCl for 24 hours and then dried at 

room temperature under vacuum for 3 hours.  

 

2.2.2 Characterisation Techniques: 

Brunauer Emmett Teller (BET) surface area and pore size measurements were derived from 

nitrogen adsorption/desorption data collected on a Micromeritics ASAP 2020. FTIR 

spectroscopy was conducted on a Perkin Elmer FT-IR Spectrometer Spectrum RX1 using oven 

dried KBr discs and data treated on Spectrum 5.1 software. XRD was performed on Bruker D8 

DAVINCI diffractometer with Cu K radiation (40 kV, 30 mA) source. The step size was 

0.025°. The diffraction patterns were recorded in the 2θ range 1.0°–100° and the total counting 

time was 3 hours. TGA and DTA were carried out on a STA 449C analyser from Netzsch under 

a flow of dried air at 10.00 °C/min up to 650 °C. Argon was used to protect the balance section. 

HRSTEM was performed in a HD-2700 dedicated scanning transmission electron microscope 

(STEM) from Hitachi, with a cold field emitter equipped with a CEOS Cs corrector and 

operated at 200 kV. The powder samples were simply dry deposited onto a Cu grid covered 

with a carbon film (Quantifoil) having periodical holes with diameter of 1.2 micron. 

Observation was made in three different modes: bright field (BF), high angle annular dark field 

(HAADF) and secondary electron (SE). 
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2.2.3 Sold State MAS NMR 

The 13C cross polarisation, magic-angle-spinning nuclear magnetic resonance (CPMAS NMR) 

data of TC1, TC2 and polythiophene systems were acquired at ambient temperatures (~20 °C) 

using a Bruker DSX-400 spectrometer (B0 = 9.4 T) operating at 1H and 13C Lamor frequencies 

of 398.8 and 100.3 MHz, respectively. These 13C CPMAS data were acquired using a Bruker 

4 mm double channel HX probe which achieved rotational frequencies of 10 kHz. The 1H/13C 

CPMAS NMR were performed with an initial 1H π/2 pulse of 2.5 μ seconds duration, a 1H/13C 

Hartmann-Hahn contact period of 1 m second and a recycle delay of 3 seconds. TPPM 

decoupling with a 15° phase change between π pulses of 5 μ seconds duration was applied 

during acquisition. All 13C chemical shifts were referenced against the primary standard of 

TMS via a secondary solid standard of alanine. 

 

Corresponding 1H single pulse MAS NMR data and 13C spin echo MAS NMR data from the 

TC1, TC2 and polythiophene systems were acquired at ambient temperatures (~20 °C) using a 

Varian InfinityPlus-300 spectrometer (B0 = 7.05 T) operating at 1H and 13C Larmor frequencies 

of 300.09 MHz and 75.46 MHz respectively. Both the 1H MAS NMR and 13C spin echo MAS 

NMR data were acquired using a Bruker 4 mm double channel HX probe which enabled 

rotational frequencies of 10 kHz to be implemented. The single pulse 1H MAS NMR 

measurements used a 1H π/2 excitation pulse of 3 μs and a recycle delay of 3 seconds. The 13C 

spin echo MAS experiment used π/2 and π pulses of 2.5 and 5 μ seconds, respectively, a recycle 

delay was 3 seconds and TPPM decoupling with a 15° phase change between π pulses of 7 μ 

seconds was applied during acquisition. The 1H and 13C chemical shifts were referenced against 

the primary standard of TMS via a secondary solid standard of adamantane. 

 

1H and 13C MAS NMR data for the thiophene monomer were acquired at ambient temperatures 

(~20 °C) using a Bruker AvanceIII-500 spectrometer (B0 = 11.7 T) operating at the 1H and 13C 

Lamor frequencies of 500.1 and 125.8 MHz respectively. The 1H NMR MAS spectrum was 

acquired using a Bruker 4 mm triple channel HXY probe in double channel mode. The 1H data 

was obtained using a single pulse experiment which used a π/2 excitation pulse of 2.5μ seconds, 

a MAS frequency of 3 kHz and a recycle delay of 3 seconds. The corresponding 13C data was 

obtained using the same singe pulse experiment but with a π/2 excitation pulse of 5 μ seconds 

duration and a recycle delay of 3 seconds. All 1H and 13C chemical shifts were referenced 

against the primary standard of TMS via a secondary solid standard of alanine. 



 

65 

 

 

2.2.4 Electrochemical Analysis 

All electrochemical analysis was performed with a Princeton Applied Research VersaSTAT. 

Electrochemical performance of the synthesised electrode materials as a Li+ battery electrode 

was assessed using a two electrode set up. The working electrodes (cathode) consisted of 80% 

active material, 10% super conducting carbon black, and 10% polyvinylidenefluoride (PVDF) 

by weight. The electrode paste was made by grinding the active material and carbon black to 

ensure a good mixture of the powders. The powders were then stirred with PVDF and n-methyl-

2-pyrrolidinone (NMP) solvent until a homogenous paste was formed. The paste was spread 

onto copper foil (current collector) and the electrode was dried by first heating to 80 °C to bake 

off any excess NMP solvent before increasing the temperature to 120 °C overnight to allow the 

electrode material to bind with the current collector, followed by punching out a 15 mm 

electrode disk. The metal lithium disks used as the counter electrodes (anode) was also punched 

into a 15 mm disk. The electrolyte used in this investigation was 1.0 M LiPF6 dissolved in 

ethylene carbonate (EC) and diethyl carbonate (DEC) solutions at a ratio of 1:1 by volume. All 

cells were constructed within an argon filled glove box to ensure minimal exposure to oxygen 

 

CV measurements were carried out at a variety of sweep rates 0.5, 1, 2 and 5 mVs-1. The 

potential windows used in all experiments were that of 1–3.4 V vs Li/Li+ reference electrode. 

The initial potential of the scan was determined by the open circuit potential the cell (typically 

2.3-2.6 V vs Li/Li+) with the initial scan direction being directed in the reduction direction 

towards a lower potential limit (1 V vs Li/Li+) with cycles being completed once the final 

reduction sweep reaches the starting potential of the cycling process.  

 

Galvanostatic charge discharge analysis measurements were carried out a current density of 

0.2 mA.cm-2 and between the potential window of 1–3.4 V vs Li/Li+ reference electrode. 

Weights of each electrode were taken prior to cell assembly to determine cathode mass and 

then used to calculate capacity relative to mAh/g according to the mass of the electrode.  

 

2.2.5 Electrochemical Impedance Spectroscopy 

Electron conductivity measurements were carried out using a two electrodes set-up. Silver wire 

of length 5 cm was used as the working and counter electrodes, these were attached to each 
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pellet via a silver two part conductive adhesive. Each pellet was made from a 300 mg of sample 

ground and formed into pellets using a 25 tonne manual hydraulic press. The flat sides of this 

pellet were coated using a silver two part conductive adhesive. Potentiostatic impedance 

spectra were recorded using a DC Bias of 0 V as the working and counter electrodes are the 

same electrochemical potential, measurements were taken between the frequency range of 106 

and 10 Hz with amplitude of 100 mV using the VersaStudio software. For analysis the data 

was exported to ZView. The electronic conductivity of each pellet was determined using 

Equation (2.1) which has been derived from Equations (2.1.1) and (2.1.2). 

 

Equation 2.1  𝜎 =
𝐿

𝑅𝐴
 

Equation 2.1.1    𝜎 =
1

𝜌
 

Equation 2.1.2 𝜌 =
𝑅𝐴

𝐿
 

 

𝜎 is the conductivity (mS.cm-1), L is the distance between the two wires (cm), A is the area 

covered by the silver adhesive in (cm2) and R is the initial resistance (Ω) measured where the 

plot intercepts the x-axis on the Nyquist plot.  

2.3: Results and Discussion: 

2.3.1 Characterisation 
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Figure 2.1: Nitrogen adsorption (crosses) and desorption (squares) for m-TiO2 (red), m-TiO2-TMS (blue), 

composite TC1 (black) and composite TC2 (purple). 

 

Material 
BET Surface Area/  

m2/g 

BJH Pore Volume / 

cm3/g 

m-TiO2 949 0.406 

m-TiO2 TMS 700 0.223 

TC1 182 0.038 

TC2 438 0.136 

 

Table 2.1: Surface area and pore volume of m-TiO2 and respective polythiophene composites. 

 

The Brunauer Emmett Teller (BET) surface area data for the as-synthesised materials is 

reported in Table 2.1 while the nitrogen adsorption-desorption isotherms of all materials are 

shown in Figure 2.1. In all cases the samples are on the cusp between type I and IV isotherms, 

as expected for these materials with a ca. 20 Å pore size, confirming retention of the pore 

structure after polymer incorporation. m-TiO2 possesses a surface area of 949 m2/g, which 

decreases to 700 m2/g when treated with TMS-Cl. Sample TC1 has a surface area of 182 m2/g, 

while an additional wash in methanol followed by HCl (TC2) leads to a material with a surface 

area of 438 m2/g, the increase in surface area possibly due to removal of residual iron salts and 

thiophene from the structure. There is a decrease in pore volume from 0.406 cm3/g to 0.223 

cm3/g upon treatment with TMS-Cl and the final composites have pore volumes of 0.038 cm3/g 

and 0.136 cm3/g for samples TC1 and TC2, respectively. All pore volumes were calculated 

using desorption cumulative pore volume plots up to a maximum 40 Å pore size. The loss of 

surface area and pore volume upon thiophene impregnation indicates that the pores have been 

filled with thiophene polymer.  
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Figure 2.2: Powder X-ray diffraction pattern for (a) m-TiO2, (b) TC1 and (c) TC2 

 

Low angles of the powder X-ray Diffraction (PXRD) patterns for as synthesised m-TiO2 and 

composites TC1 and TC2 are shown in Figure 2.2. Composite TC1 shows a very weak 

reflection around approximately 3° 2θ that is indicative of a disordered mesoporous structure 

and is typically observed for amine templated mesoporous oxides. These reflection confirms 

that the mesostructure of the material has been retained upon polymer incorporation.[7] In 

addition there are two broad reflections that are likely due to residual iron salts from residual 

oxidant because they disappear after further washing with TC2.  

 

The hydrocarbon content was probed using thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA), and the data shown in Figure 2.3. The TGA plot shows weight loss of 

12% and 6% up to 200 °C for composites TC1 and TC2, respectively, which is attributed to 

water loss. At 500 °C there is a total weight loss of 48% and 16% for TC1 and TC2, 

respectively, for combustion of the polymer giving values of 36% and 10% polymer within the 

structure of composites TC1 and TC2 respectively. These are confirmed by the overlaying 
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DTA data, which show endothermic peaks up to 200 °C and exothermic peaks up to the 

optimum temperature of 650 °C. TC2 continues to lose weight up to 650 °C, possibly because 

the iron salts, which could act as a catalyst, are removed. These results are consistent with 

washing out of residual thiophene and/or polymer upon washing TC1 with methanol to give 

TC2. 

 

Figure 2.3: Thermogravimetric analysis (blue) and differential thermal analysis (red) plots for (a) TC1 and (b) 

TC2 
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Figure 2.4: STEM Images of thiophene composite TC1 at (a) SE low magnification (80 kx), (b) HAADF higher 

magnification (1.3 Mx), and (c) BF highest magnification (7 Mx) 

 

Figure 2.5: STEM Images of thiophene composite TC1 at (a) SE low magnification (100 kx), (b) SE higher 

magnification (1.3 Mx) and (c) BF highest magnification (6 Mx) 

 

To further confirm the pore structure and lattice of the as synthesised materials scanning 

transmission electron microscopy (STEM) was performed. Using three levels of 

magnifications we are able to make a number of observations. The lowest magnification images 

of 200-500 nm, seen in Figures 2.4a and 2.5a, show that both composite powders exist as large 

clusters of smaller grains as have been seen previously with our materials.[223] The higher 

magnification seen in Figures 2.4b and 2.5b shows images at 20 nm allow us to observe that 

the mesoporous structure of the materials is retained with the incorporation of polymer content, 

which is in agreement with nitrogen adsorption data. The fact that there only a single phase 

present in these images confirms the incorporation of the polymer into the structure as opposed 

to two distinct phases or merely coating the material with polymer, which would have resulted 

in a dramatic loss of porosity.[224] The highest magnification images at 5nm in Figures 2.4c and 

2.5c, allow us to observe the lattice structure. Here, the images show that the general structure 

remains predominantly amorphous, despite some crystalline structure being observed, in 

particular Figure 2.4c, which may represent either crystallisation within the walls of the TiO2 

pore walls, or traces of iron crystals from the oxidant used during the polymer synthesis.  
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Figure 2.6: IR spectrum of composite TC1 

 

Figure 2.7: IR spectrum of composite TC2 

 

The infrared (IR) spectra of the as-synthesised materials are shown in the appendices Figures 

8.1 to 8.4 with the IR spectra for composite materials shown in Figure 2.6 and 2.7 for TC1 and 

TC2 respectively. The spectra of starting material, thiophene, and the final product, 

polythiophene, were recorded in Figures 8.1 and 8.2. Thiophene compounds are expected to 

show key diagnostic stretches at 3100 cm-1 (aromatic C-H stretches), 2900 cm -1 (aliphatic 
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C-H stretches), 1600 cm -1 (aromatic C=C stretches), 1400 cm-1 (C-C stretching 

vibrations)[225] and finally stretches at 800 c m -1 and 7 8 0  c m -1 (C–H aromatic bending 

vibrations).[226–228] These features are observed as expected in the thiophene and polythiophene 

spectra, with the polythiophene stretches situated at lower wavenumbers than those of the 

thiophene monomer due to increases in the degree of conjugation.[226] However, the presence 

of water in m-TiO2 treated with TMS-Cl produces peaks at 3200 cm-1 and 1600 cm-1 and the 

subsequent treatment of this material with TMS-Cl produces new bands at 2900 cm-1 and 820 

cm-1. These IR features associated with the oxide substrate are thus expected to obscure the 

diagnostic bands for thiophene. In spite of this the spectrum of the m-TiO2TMS loaded with 

thiophene vapour shows a significant increase in the size of the C-H stretch at 2900 cm-1 as 

well as the appearance of a small band at 1400 cm-1, confirming the presence of thiophene in 

the sample. In the polymer composites TC1 and TC2 there are stretches at 1330 cm-1 and 1400 

cm-1, respectively. These bands confirm the incorporation of polythiophene in the sample 

because they were not present in the host material and are observed in the spectra of thiophene 

and polythiophene representing a C-C stretching vibration.  

 

2.3.2. NMR Studies 

Because only limited information on the nature of the thiophene species in the pores can be 

extracted from the IR, NMR studies were conducted. The 1H and 13C NMR spectra of the 

thiophene monomer in Figure 2.8.(a) and (b) shows resonances at 1H δ: 6.36, 6.48 ppm and 13C 

δ: 125.6, 127.5 ppm which are consistent with literature values.[227] The corresponding 1H MAS 

NMR spectrum of polythiophene in Figure 2.9(c) contains numerous broad and overlapping 

resonances due to strong dipolar and paramagnetic interactions caused be the presence of 

residual iron oxidant. Previous 1H solution NMR studies of polythiophene have reported two 

resonances 6.9 and 7.2 ppm;[228] in contrast, due to strong anisotropic dipolar and paramagnetic 

interactions in the solid state only a single broad resonance is observed at ~7 ppm is observed 

in this study which can be assigned to polythiophene. Additional upfield resonances at 

significantly lower chemical shifts (i.e. 1H δ: ~0.5 - 1.0 ppm) are assigned to hydrogenated 

(reduced) thiophene moieties[228] which have been shown to form during polymerisation of the 

thiophene monomer.[229,230]  
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Figure 2.8: 1H and 13C one pulse MAS NMR data of thiophene monomer acquired at 11.7 T (ν0 = 500.1 MHz 

and 125.8 MHz for 1H and 13C, respectively) using a Bruker 4 mm HXY probe spinning at 3 kHz. 

 

The 13C CPMAS and spin echo MAS NMR data from polythiophene (see Figure 2.10(c)) is 

consistent with these observations. The most intense resonances at 13C δ: 125.7 and 135.7 ppm 

are consistent with polythiophene[227], while the additional broad resonances in the 13C δ: 10-

70 ppm range are consistent with the expected chemical shifts of the hydrogenated (reduced) 

thiophene moieties. From Figure 2.10(c) the resonances in the 13C δ: 10-70 ppm range are more 

prominent and well resolved as the CPMAS experiment in comparison to those represented in 

the spin echo MAS experiment, however the CPMAS data will not be quantitative. This is due 

to the enhanced 1H/13C dipolar contact in regions where reduced electron motion will be 

manifest, and the spin echo MAS experimental data will thus be a quantitative measure of the 

carbon speciation.  
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Figure 2.9: 1H one pulse MAS NMR data of (a) & (d) TC1, (b) & (e) TC2, and (c) & (f) polythiophene, 

acquired at 7.05 T (ν0 = 300.09 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz. 

 

From Figures 2.9(b)/(e) and 2.10(b) representing the 1H single pulse MAS and 13C CPMAS 

data from the polythiophene/m-TiO2 system (TC2), it can be observed that the polythiophene 

component within this organic/inorganic composite is very similar to that of the original pure 

polythiophene. The main resonances at 13C δ: ~125 and ~135 ppm are preserved and the signals 

in the 13C δ: 10-70 ppm region are still evident although less intense, probably due to the 

reduced formation of hydrogenated (reduced) thiophene moieties on the m-TiO2 surface in 

comparison to pure polythiophene. In addition, the 1H MAS NMR data of Figures 2.9(b)/(e) 

and (c)/(f) are also very similar, suggesting that the hydrogen speciation in the supported and 

unsupported systems remains stable. 
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Figure 2.10: 13C CPMAS and spin echo MAS NMR data of (a) TC1 (b) TC2 and (c) polythiophene, acquired at 

9.40 T (ν0 = at 100.3 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz. 

 

 However, the 1H single pulse MAS and 13C CPMAS data of another preparation of 

polythiophene/m-TiO2 system (TC1) shown in Figures 2.9(a)/(d) and 2.10(a) differ markedly 

from both polythiophene and TC2 data. It was not possible to record a 13C CPMAS spectrum 

of TC1 and therefore only a direct polarisation spin echo MAS spectrum was acquired. This 

13C data contains resonances that exhibit chemical shifts which are consistent with the other 

thiophene-based systems, however additional resonances at 13C δ: ~165 and ~0 ppm are also 

observed suggesting that additional aliphatics (hindered methyl groups) and carboxyl 

functionalities are also present, possibly from thiophene reduction. The inability to record 13C 

CPMAS data suggests that the paramagnetic character and electron motion within this system 

are enhanced, and the distribution of 1H chemical shifts (and hence H speciation) has been 

altered from the original thiophene composition to favour a greater aliphatic presence at 1H δ: 

~0 ppm.  
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2.3. Electrochemical Analysis 

 

Figure 2.11: Nyquist plot showing the potentiostatic impedance of, (black) mTiO2, (blue) mTiO2-Polythiophene 

Composite TC1, (red) mTiO2- Polythiophene Composite TC2 taken using a two electrode setup with an applied 

DC bias of 0 V between the frequency range of 106 and 10 Hz 

 

Each material was studied by potentiostatic impedance recorded at standard atmospheric 

conditions between the frequency range of 106 and 10 Hz using a two electrode setup with an 

applied DC bias of 0 V with the results displayed in Figure 2.11.  

 

Though traditionally when carrying out conductivity measurements a frequency region of 100 

kHz to 0.01 kHz is used to assess the material. As these materials are being assessed as pellets, 

the main interest is that of the high frequency intercept as there is no Li+ diffusion between the 

2 electrodes. This high frequency region provides the value of the resistance of the pellet. For 

this reason a higher frequency was used in order to obtain the most accurate x axis intercept 

available. Measurements have been undertaken previously using frequencies up to 1 MHz 

[231,232] for electrochemical impedance spectroscopy demonstrating that it is an acceptable limit 

for use in these measurements. However due to the nature of these measurements it is important 

to take into account the influence of contact resistance. This is the resistance to current flow 

caused by the surface conditions present at the contact.[233] This is important as the contact 
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resistance between the active material and that of the silver conducting resin used as the 

electrode could affect the readings that are recorded for the conductivity of the material. 

Pristine m-TiO2 has the largest intercept and hence the lowest conductivity (3.56 x 10-2 mS.cm-

1). The composite washed with dichloromethane only (TC1) showed a significant improvement 

in conductivity (5.79 mS.cm-1), while the sample with the extra methanol and acid wash (TC2) 

showed reduced conductivity compared to the first composite (0.231 mS.cm-1) but still almost 

an order of magnitude higher than m-TiO2. These improvements in conductivity are one order 

of magnitude higher than the improvements in conductivity observed in doping MCM-41with 

polyaniline nanowires (1.6 x 10-3 S.cm-2)[221] using a similar doping method and suggest that 

our strategy is effective. Looking at these values of conductivity, all of the values produced 

have been situated between those reported previously for these amorphous mesoporous TiO2 

(1 x 10-3 mS.cm-1)[9] and those reported previously for polythiophene using chemically based 

synthesis procedures (0.4-2 S.cm-1)[234] is possible to therefore to conclude that the effects of 

contact resistance on these measurements has not significantly influenced the conductivity 

results.  

 

 

Figure 2.12: Cyclic Voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of m-TiO2TMS (black) 2 mVs-1, (purple) 1 mVs-1, (blue) 0.5 mVs-1 
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Figure 2.13: Cyclic Voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of composite TC2 (red) 5 mVs-1, (black) 2 mVs-1, (purple) 1 mVs-1, (blue) 0.5 mVs-1 

 

Each synthesised material underwent electrochemical analysis to evaluate performances as a 

lithium battery cathode material. Cyclic voltammetry was carried out on materials at various 

scan rates and can be seen in Figures 2.12 and 2.13. The results show that the m-TiO2 material 

appears to increase in current proportional to the sweep rate indicating a 1st order response to 

an increase in sweep rate indicative of a surface limited process typically seen for capacitive 

materials.[31] The cyclic voltammogram of TiO2TMS at 0.5 mVs-1, seen expanded in Figure 

2.14, displays broad peaks for both reduction and oxidation between 2.4-1 V, which is typical 

behaviour for amorphous materials caused by mixed energy levels of the amorphous pore 

walls.[27] Sample TC2 showed similar behaviour to the m-TiO2 however it is possible to observe 

the reduction and oxidation peaks more clearly as can be seen in Figure 2.15. Reduction peaks 

were observed at 2.8, 1.65 and 1.25 V and oxidation peaks at 2.1 2.65 and 3.05 V, respectively. 

However, the current produced by the composite TC2 was lower than for the m-TiO2TMS 

starting material. So despite the improved conductivity, it appears the Li+ charge storage 

potential of the material has decreased. 
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Figure 2.14: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential m-TiO2 

heated and treated with TMS-Cl at a sweep rate of 0.5 mVs1 (red) cycle 1, (blue) cycle 2, (purple) cycle 3 

 

 

 

Figure 2.15: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential of 

composite TC2 for the first 3 cycles, blue (1), red (2) and purple (3) 

 

Galvanostatic charge discharge analysis of the synthesised materials was carried out using a 

discharge rate of 0.2 mA.cm-2. The m-TiO2, displayed in Figure 2.16, showed a peak capacity 
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of 301 mAh/g which dropped to 75 mAh/g after 50 cycles, whereas sample TC2 (Figure 2.17) 

showed a peak capacity of 50 mAh/g and a capacity of 7 mAh/g after 50 cycles. This data 

correlates with the cyclic voltammetry data in suggesting that the m-TiO2TMS has the superior 

lithium storage performance despite having lower conductivity than the composite TC2, 

composite TC2 is therefore not suitable as an effective lithium battery cathode material. This 

observation is similar to results seen previously with the fulleride composites of Ta oxide,[235] 

where despite improvements to the conductivity of the material, the overall lithium transport 

was reduced. The reason for this could be due to the polythiophene hindering Li+ transport and 

blocking access to titanium centres within the pores, thus hindering redox reactions deep within 

the structure that were otherwise expected to lead to pseudocapacitive sites.  

 

 

Figure 2.16: 50 Cycles charge (squares) discharge (crosses) capacity data for m-TiO2 at (red) 1 mA.cm-2 and 

(blue) 0.2 mA.cm-2 

The performance of the m-TiO2 TMS was also assessed at a higher discharge rate of 1 mA.cm-

2 (Figure 2.16), showing a peak capacity of 187 mAh/g and a final capacity of 54 mAh/g after 

50 cycles. A decrease in capacity is expected with increasing discharge current, however the 

m-TiO2 still produces a superior performance, at a higher discharge rate, to that of the thiophene 

composite TC2 at a lower discharge rate. Thus, m-TiO2TMS shows typical broad redox 

behaviour as expected for an amorphous material, and despite a high initial capacity, the 

performance decreases upon recycling to 54 and 75 mAh/g after 50 cycles at high and low 

discharge rates respectively.  
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Figure 2.17: 50 Cycles charge (squares) discharge (crosses) capacity data for TC2 at 0.2mA.cm-2 

 

2.4 Conclusions: 

In conclusion, high surface area (ca. 1000 m2/g) electroactive mesoporous titanium oxide was 

successfully impregnated with air-stable conducting polythiophene nanowires in an attempt to 

exploit the high fraction of internal redox sites for pseudocapacitive charge storage in these 

otherwise insulating materials. The incorporation of polymer improved the conductivity of the 

material by up to two orders of magnitude, producing a material with superior conductivity to 

those similarly created polyaniline-impregnated MCM-41 materials. However the lithium 

storage capacity of the material dropped possibly due to Li+ diffusion problems through the 

material. Further investigations using materials with larger pores and/or different polymers and 

polymer loading levels may yet lead to improved electrochemical performance using this 

approach of synthesising conducting polymer transition metal oxide composites.  
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Chapter 3 : TiO2 – Pyrrole Composites Using a Chemical 
Synthesis in Aqueous Solvents and Various Synthesis 

Conditions 
 

3.1 Introduction 

After the attempt to synthesise polythiophene in the pores of mesoporous Ti oxide (m-TiO2). 

The incorporation of the polymer resulted in improved conductivity from 3.56 x 10-2 mS.cm-1 

to 5.79 mS.cm-1.[236] Despite improvements in conductivity, the Li+ transport was negatively 

affected by the incorporation of the conducting polymer leading to disappointing battery 

performance. For this reason we hoped that further investigations using different polymers and 

synthesis procedure could produce better results. 

  

Presented herein are the synthesis and subsequent characterisation and electrochemical 

evaluation of m-TiO2 with conducting polypyrrole nanowires within the pores, with a 

comprehensive investigation into the effects of different loading levels of polymer and 

variation in pore sizes, on the electrochemical performance of the material. The synthesis 

procedure uses the chemical oxidant Fe(NO3)3 
[237] to polymerise the vapour-loaded pyrrole 

monomers to form a conducting polymer inside the pores of the oxide host, whilst still 

maintaining a high surface area. The oxidant Fe(NO3)3 was used instead of previously 

employed FeCl3 
[236] because of its higher solubility in water, ensuring easier removal of 

residual oxidant from the structure after the polymerisation step. The best material shows 

improved electrochemical performance over that of the pristine m-TiO2 and significantly 

improved results as compared to our initial investigations using polythiophene. 

 

3.2 Experimental  

3.2.1 Synthesis Procedure 

Polypyrrole composites of C12 m-TiO2 were prepared by first loading C12 m-TiO2 (ca. 300 

mg) with pyrrole monomer. This was left for the necessary period to ensure that the pores were 

loaded with the correct amount of vapour to synthesis a composite of designated pyrrole 

content, 5, 10, 15 and 30 weight % pyrrole vapour identified as samples PC(5), PC(10), PC(15) 

and PC(30), respectively. The material was then weighed to determine the accurate pyrrole 
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content by the increase in weight. Fe(NO3)3, 2.4 equivalents with respect to pyrrole content, 

was then added to deionised water (20 mL) and stirred until the salt was dissolved and a 

homogenous solution was obtained. To this solution the pyrrole loaded C12 m-TiO2 was then 

added with stirring. This solution was then sealed and left to stir for 24 hours to complete the 

polymerisation. The resulting precipitate was then collected by filtration and washed 3 times 

with 50 mL of deionised water, each time with stirring for 1 hour, to remove residual oxidant 

present in the material. After the washing stage the product was dried under vacuum for 2 hours 

to remove any remaining water from the sample. 

 

The composites with different pore sizes were synthesised using the same procedure as that of 

the materials above, with the exception of the C12 m-TiO2 materials, the synthesis was carried 

out using different amine templates, hexylamine (C6 template) and octadecylamine (C18 

template) to yield host materials with smaller and larger pore sizes, respectively. These samples 

were further treated using 5% polymer loading, and were identified as samples C6PC (C6 

template composite) and C18PC (C18 template composite). 

 

3.2.2 Characterisation 

Brunauer Emmett Teller (BET) surface area and pore size measurements were derived from 

nitrogen adsorption/desorption data collected on a Micromeritics ASAP 2020. Infrared (IR) 

spectroscopy was conducted on a Perkin Elmer FT-IR Spectrometer Spectrum RX1 using oven 

dried KBr discs and data treated on Spectrum 5.1 software. X-ray diffraction (XRD) was 

performed on Bruker D8 DAVINCI diffractometer with Cu Ka radiation (40 kV, 30 mA) 

source. The step size was 0.025°. The diffraction patterns were recorded in the 2θ range 1.0 - 

100° and the total counting time was 3 hours. The thermogravimetric analysis (TGA) and 

differential thermal analysis (DTA) was carried out on a STA 449C analyser from Netzsch 

under a flow of dried air at 10.00 °C/min up to 700 °C. Argon was used to protect the balance 

section. High Resolution Scanning Transmission Electron Microscopy (HRSTEM) was 

performed in a HD-2700 dedicated Scanning Transmission Electron Microscope (STEM) from 

Hitachi, with a cold field emitter equipped with a CEOS Cs corrector and operated at 200 kV. 

The powder samples were simply dry deposited onto a Cu grid covered with a carbon film 

(Quantifoil) having periodical holes with diameter of 1.2 micron. Observation was made in 

three different modes: bright field (BF), high angle annular dark field (HAADF) and secondary 

electron (SE).  
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3.2.3 Solid State NMR 

The 13C cross polarisation, magic-angle-spinning nuclear magnetic resonance (CPMAS NMR) 

data from the TC1, TC2 and polythiophene samples were acquired at ambient temperatures 

(~20 °C) using a Bruker DSX-400 spectrometer (B0 = 9.4 T) operating at 1H and 13C Lamor 

frequencies of 398.8 and 100.3 MHz, respectively. These 13C CPMAS data were acquired using 

a Bruker 4 mm double channel HX probe which achieved rotational frequencies of 10 kHz. 

The 1H/13C CPMAS NMR were performed with an initial 1H π/2 pulse of 2.5 μ seconds 

duration, a 1H/13C Hartmann-Hahn contact period of 1 ms and a recycle delay of 3 s. TPPM 

decoupling with a 15° phase change between π pulses of 5 μ seconds duration was applied 

during acquisition. All 13C chemical shifts were referenced against the primary standard of 

TMS via a secondary solid standard of alanine. 

 

Corresponding 1H single pulse MAS NMR data and 13C spin echo MAS NMR data from the 

TC1, TC2 and polythiophene samples were acquired at ambient temperatures (~20 °C) using a 

Varian InfinityPlus-300 spectrometer (B0 = 7.05 T) operating at 1H and 13C Larmor frequencies 

of 300.09 MHz and 75.46 MHz, respectively. Both the 1H MAS NMR and 13C spin echo MAS 

NMR data were acquired using a Bruker 4 mm double channel HX probe which enabled 

rotational frequencies of 10 kHz to be implemented. The single pulse 1H MAS NMR 

measurements used a 1H π/2 excitation pulse of 3 μ seconds and a recycle delay of 3 seconds. 

The 13C spin echo MAS experiment used π/2 and π pulses of 2.5 and 5 μ seconds, respectively, 

a recycle delay was 3 seconds and TPPM decoupling with a 15° phase change between π pulses 

of 7 μ seconds was applied during acquisition. The 1H and 13C chemical shifts were referenced 

against the primary standard of TMS via a secondary solid standard of adamantane. 

 

1H and 13C MAS NMR data from the thiophene monomer were acquired at ambient 

temperatures (~20 °C) using a Bruker AvanceIII-500 spectrometer (B0 = 11.7 T) operating at 

the 1H and 13C Lamor frequencies of 500.1 and 125.8 MHz respectively. The 1H NMR MAS 

spectrum was acquired using a Bruker 4 mm triple channel HXY probe in double channel 

mode. The 1H data was obtained using a single pulse experiment which used a π/2 excitation 

pulse of 2.5μ seconds, a MAS frequency of 3 kHz and a recycle delay of 3 seconds. The 

corresponding 13C data was obtained using the same singe pulse experiment but with a π/2 

excitation pulse of 5 μ seconds duration and a recycle delay of 3 seconds. All 1H and 13C 
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chemical shifts were referenced against the primary standard of TMS via a secondary solid 

standard of alanine. 

 

3.2.4 Electrochemical Analysis 

All electrochemical analysis was performed with a Princeton Applied Research VersaSTAT. 

Electrochemical performance of the synthesised electrode materials as a Li+ battery electrode 

was assessed using a two electrode set up. Working electrodes consisted of 80% active 

material, 10% super conducting carbon black, and 10% polyvinylidenefluoride (PVDF) by 

weight. The electrode paste was made by grinding the active material and carbon black to 

ensure a good mixture of the powders. The powders were then stirred with PVDF and n-methyl-

2-pyrrolidinone (NMP) solvent until a homogenous paste was formed. The paste was spread 

onto a copper foil (current collector). The electrode was dried by first heating to 80 °C to bake 

off any excess NMP solvent before increasing the temperature to 120 °C overnight to allow the 

electrode material to bind with the current collector. Once completed, the electrodes were 

punched using a Hohsen electrode punch to produce uniform sized discs of 15 mm. The 

respective counter electrode is lithium metal foil and was also punched into a 15 mm disk. The 

electrolyte used in this investigation is 1.0 M LiPF6 dissolved in ethylene carbonate (EC) and 

diethyl carbonate (DEC) solutions at a ratio of 1:1 by volume. All electrochemical cells were 

constructed within an argon filled glove box to ensure minimal exposure to oxygen. Cyclic 

voltammetry measurements were carried out at a variety of sweep rates 0.5, 1, 2 and 5 mVs-1 

and the potential windows used in all experiments were that of 1-3.4 V vs Li/Li+ reference 

electrode. The initial potential of the scan was determined by the open circuit potential the cell 

(typically 2.3-2.6 V vs Li/Li+) with the initial scan direction being directed in the reduction 

direction towards a lower potential limit (1 V vs Li/Li+) with cycles being completed once the 

final reduction sweep reaches the starting potential of the cycling process.  

 

Galvanostatic charge discharge measurements were carried out a current density of 1 mA.cm-

2 and between a potential window of 1-3.4 V vs Li/Li+ reference electrode. Weights of each 

electrode were taken prior to cell assembly to determine cathode mass and then used to 

calculate capacity relative to mAh/g according to the mass of the electrode. All measurements 

were carried out at room temperature using a Hohsen HS flat cell. 
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3.2.5 Electrical Impedance Spectroscopy 

Electron conductivity measurements were carried out using a two electrodes set-up. Silver wire 

of length 5 cm was used as the working and counter electrodes and these were attached to each 

pellet via a silver two part conductive adhesive. Each pellet was made from a 300 mg of sample 

ground and formed into pellets using a 25 tonne manual hydraulic press. The flat sides of this 

pellet were coated using a silver two part conductive adhesive. Potentiostatic impedance 

spectra were recorded using a DC Bias of 0 V as the working and counter electrodes are the 

same electrochemical potential, measurements were taken between the frequency range of 106 

and 10 Hz with amplitude of 100 mV using the VersaStudio software. For analysis the data 

was exported to ZView. The electronic conductivity of each pellet was determined using 

Equation 3.1, which was derived from Equations 3.1.1 and 3.1.2. 

 

 Equation 3.1   𝜎 =
𝐿

𝑅𝐴
 

Equation 3.1.1  𝜎 =
1

𝜌
 

 Equation 3.1.2  𝜌 =
𝑅𝐴

𝐿
 

 

𝜎 is the conductivity (mS.cm-1), L is the distance between the two wires (cm), A is the area 

covered by the silver adhesive in (cm2) and R is the initial resistance (Ω) measured where the 

plot intercepts the x-axis on the Nyquist plot.  

 

3.3 Results and Discussion: 

3.3.1 Characterisation  

The Brunauer Emmett Teller (BET) surface area data for all synthesised materials is displayed 

in table 3.1. The nitrogen adsorption-desorption isotherms for dodecylamine templated C12 m-

TiO2 and the polypyrrole composites containing various loading levels of polymer are shown 

in Figure 3.1. All isotherms are on the cusp between type I and IV, in agreement with previous 

work on amine-templated mesoporous transition metal oxides [238,239] confirming retention of 

the mesostructure after polymerisation within the pore structure. The pristine C12 m-TiO2 

sample possesses a BET surface area of 876 m2/g, which decreases with polymer incorporation 

to 427, 257, 219 and 145 m2/g at initial vapour loading levels of 5% PC(5), 10% PC(10), 15% 

PC(15) and 30% PC(30), respectively. Samples PC(5) and PC(10) still possess a higher surface 
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area than the nanoparticles synthesised by Wang et al, which possess a surface area of only 

220 m2/g,[31] even after the incorporation of polypyrrole. The pore volume decreases with 

increasing polymer content inside the host from 0.241 cm3/g to 0.158, 0.081, 0.059 and 0.032 

cm3/g for samples PC(5), PC(10), PC(15) and PC(30) respectively. All pore volumes were 

calculated using the desorption cumulative pore volumes data plots up to a maximum pore size 

of 40 Å, beyond which the only pores are due to textural porosity. The loss of surface area and 

pore volume upon pyrrole impregnation is consistent with the pores having been filled with 

polymer. In addition, the increasing levels of vapour loading in the pores results in an increase 

in polymer content. 

Material 
BET surface area/ 

m2/g 
BJH Pore volume / 

cm3/g 

C12 m-TiO2 876 0.241 

C6 m-TiO2 693 0.199 

C18 m-TiO2 539 0.156 

PC(5) 427 0.158 

PC(10) 257 0.081 

PC(15) 219 0.059 

PC(30) 145 0.032 

C6PC 402 0.122 

C18PC 172 0.118 

Table 3.1: Surface area and pore volume of m-TiO2 and respective polythiophene composites. 

 

 

Figure 3.1: Nitrogen adsorption (crosses) and desorption (squares) for m-TiO2 (blue) composite PC(5) (red), 

PC(10) (orange), PC(15) (purple) and PC(30) (green) 
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Figure 3.2: Nitrogen adsorption (crosses) and desorption (squares) isotherms for (a) C6 m-TiO2 (red) and C6PC 

(blue) (b) C18 m-TiO2 (red) and C18PC (blue) 

 

The isotherms of materials synthesised using different pore sizes are shown in Figure 3.2 for 

the C6 and C18 templated m- TiO2 and their respective composites C6PC and C18PC. Both 

materials were made containing the 5% vapour loading as previously carried out with 

composite PC(5). The surface area for both materials drops upon the incorporation of polymer, 

from 693 m2/g to 402 m2/g and 539 m2/g to 172 m2/g for samples C6PC and C18PC 

respectively. The pore volume drops from 0.199 cm3/g to 0.122 cm3/g for sample C6PC and 

from 0.156 cm3/g to 0.118 cm3/g for sample C18PC. Both composites therefore show a 

decrease in pore volume and surface area, indicating successful incorporation of the polymer 

within the mesostructure. 
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Figure 3.3: Powder X-ray diffraction pattern for samples C6PC (red), PC(5) (black) and C18PC (blue) 

 

The powder X-ray diffraction (PXRD) patterns for composites of different pore sizes C6PC, 

PC(5) and C18PC are shown in Figures 3.3, while the data for as synthesised C12 m-TiO2 has 

been published previously.[7] Figure 3.3 shows a reflection for all composites at approximately 

1-3° 2θ typical for mesoporous structures and has been observed previously for amine 

templated mesoporous oxides.[7,236] This data confirms that the mesostructure of the material 

was retained upon incorporation of the polypyrrole within the pores. Figure 8.5 focuses on the 

higher reflection angles up to 100° 2θ. These show all typical reflections expected for anatase 

materials,[240] indicating that post-polymer incorporation the walls of the structure begin to 

crystallise. 

 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used to 

investigate the hydrocarbon content of the composite materials synthesised using various pore 

sizes. The data is shown in Figure 3.4. The TGA plot for all samples show weight losses of 8, 

9 and 6% for samples C6PC, PC(5) and C18PC, respectively, in the region of 25-200 °C. 

Weight losses in this initial region are associated with water loss.[236] This is confirmed by the 

overlaying DTA data which shows an endothermic peak up to 200 °C in all samples.  
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Figure 3.4: Thermogravimetric analysis (blue) and differential thermal analysis (red) plots of (a) PC(5), (b) 

C6PC and (c)C18PC 

 

The higher temperature regions of the TGA plot (200-600 °C) display total weight loss values 

of 28%, 19% and 16% for samples C6PC, PC(5) and C18PC, respectively. When subtracting 

the values of initial water loss from the total weight loss, the organic content of the composites 

can be derived as 20%, 10% and 10%, respectively, for C6PC, PC(5) and C18PC. This is again 

corroborated by the overlaying DTA traces which show an exothermic peak for all composites 

in the temperature range 200-600 °C. This data demonstrates that despite loading all 

composites to the same initial weight of vapour, the larger pore sized materials retained less 
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polymer. This is most likely due to the larger pores allowing loss of pyrrole during the 

polymerisation process due to leaching from the pores, whereas the pore windows of C6PC 

becomes quickly blocked during the polymerisation process, leading to higher polymer content 

due to better pyrrole retention during the polymer synthesis procedure. 

 

 

Figure 3.5: SEM SE Images of pyrrole composite (a) C6PC (130 kx), (b) PC (130 kX) (5) and (c) C18PC (150 

kx) at low magnifications  

 

Figure 3.6: SEM SE Images of pyrrole composite (a) C6PC (1.1 Mx), (b) PC(5) (1.0 Mx) and (c) C18PC (1.1 

Mx) at higher magnifications (~1MX), 

 

To confirm the nature of the lattice, pore structure and powder morphology of the synthesised 

composites, scanning transmission electron microscopy (STEM) was performed. The lowest 

magnification of ~ 130 kX reveals the powder morphology of the samples, shown in Figure 

3.5. These images display what appear to be clusters composed of smaller grains. This is 

expected based on what has been observed previously in related materials.[223,236] At a higher 

magnification of ~ 1 MX, the images shown in Figure 3.6 illustrate the worm like pore structure 

of the materials. This confirms that the mesostructure of the host material remains present after 

polymer incorporation. These images importantly demonstrate that the materials largely exist 

primarily as a single composite phase, confirming that the organic phase has been impregnated 

within the pore structure and not simply just coating the external surface. The STEM images 

also show small amounts of crystallised carbon on the external surface, most likely due to 
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leaching of monomer and or/polymer from the pores during the synthesis. Coating of the 

particles as opposed to impregnation would be visible as two distinct phases in the STEM and 

also lead to a dramatic loss in surface area of the mesoporous composites due to clogging of 

the pore windows. These images are thus consistent with the nitrogen adsorption data, and 

support the retention of the majority of the polymer within mesoporous structure. 

 

Highest magnification images, shown in Figure 3.7, enable us to observe the lattice structure 

of the materials. These images establish that the structure remains mostly amorphous despite 

the appearance of some small areas of crystallisation within the pore walls of the m-TiO2, with 

small traces of nanocrystalline carbon also present. The main crystalline phase is likely anatase 

based on the XRD of these materials and previous research demonstrating that the walls of 

amine-templated mesoporous titanium oxide loses structure by crystallising in the anatase 

form.[238] However the crystalline regions may also be due in part to residual iron crystals from 

the iron oxidant used in the polymerisation process. 

 

 

Figure 3.7: TEM BF images of pyrrole composite (a) C6PC (3 Mx), (b) PC(5) (2 Mx) and (c) C18PC (2.5 Mx) 

at highest magnifications  

 

The infrared (IR) spectra of the as-synthesised materials are shown in Figures 3.8 to 3.12 with 

the fully characterised material shown in Figure 3.13 to 3.15. The spectra of pure pyrrole and 

polypyrrole are shown in Figures 8.6 and 8.7. These display key diagnostic bands at 3100 cm-1 

(aromatic C-H stretches), 1500-1600 cm-1 (aromatic C=C stretches), 1300-1400 cm -

1 (C-C stretching vibrations), 800 c m -1and 7 3 0  c m -1 (C–H aromatic bending 

vibrations).[241,242] These stretches are observed in both the pyrrole and polypyrrole spectra. 

The polypyrrole stretches are situated at lower wavenumbers than those of the pyrrole 

monomer due to the increases in conjugation. In the C12 m-TiO2 spectrum, residual water in 

the sample produces stretches at 3200 cm-1, 1650-1600 cm-1 and a small stretch at 820 cm-1. 
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Therefore the polypyrrole bands expected in these regions for the composites will be obscured 

by water stretches and thus cannot be used to confirm the presence of polymer in the 

composites. 

 

Figure 3.8: IR spectrum of C12 m-TiO2 

 

Figure 3.9: IR spectrum of C12 m-TiO2 loaded with pyrrole vapour 
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Figure 3.10: IR spectrum of composite PC (10) 

 

 

Figure 3.11: IR spectrum of composite PC (15) 
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Figure 3.12: IR spectrum of composite PC (30) 

 

 

 

Figure 3.13: IR spectrum of composite PC(5) 
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Figure 3.14: IR spectrum of composite C6PC 

 

 

Figure 3.15: IR spectrum of composite C18PC 

  

However, the spectra of all C12 m-TiO2 samples loaded with pyrrole vapour showed small 

stretches at 1416 cm-1 and 730 cm-1 also observed in the pyrrole spectra, indicating that the 

monomer was successfully loaded into these samples. In all polymer composites there are also 

bands situated at 1550-1570 cm-1 representing a C=C stretching vibration, 1350-1400 cm-1 

representing a C-C stretching vibration, 930 cm-1 representing a C-H out of plane vibration and 
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finally the stretch at 780-790 cm-1 representing the C-H wagging vibration. These confirm the 

incorporation of polypyrrole in the samples as these stretches are not present in the host 

material, but are observed in the spectrum of pure polypyrrole. 

 

3.3.2 Solid State NMR  

 

Figure 3.16: 13C CPMAS NMR data of (a) m-TiO2 polypyrrole composite, (b) polypyrrole and (c) pyrrole 

acquired at 7.05 T (ν0 = at 75.45 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz. 

 

The 13C NMR spectrum (Figure 3.16(c)) of the liquid pyrrole monomer exhibits two resonances 

at δ 107 and 118 ppm, which are in agreement with literature values.[243] However, the 

corresponding 13C CPMAS NMR spectrum of the solid polypyrrole (Figure 3.16(b)) shows 

that only a single broad resonance at δ ~130 ppm is observed; this broadening is greater than 

expected for conventional 1H-13C dipolar coupled induced broadening, and is indicative of 

additional paramagnetic broadening emanating from the presence of delocalised electrons 

within the polypyrrole ring and adjoining chain structure. When the pyrrole monomer is 

polymerised inside the TiO2 metal oxide framework (Figure 3.16(a)) a similar broad resonance 

attributed to polypyrrole is detected at δ ~130 ppm, with additional (narrower) resonances 
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observed in the carbohydrate and aliphatic regions. Low intensity resonances at δ 80 and 65 

ppm and high intensity aliphatic resonances δ 23 and 30 ppm are consistent with the partial and 

complete hydrogenation of pyrrole ring.  

 

Figure 3.17: 1H one pulse MAS NMR data of (a) m-TiO2 polypyrrole composite, (b) polypyrrole and (c) pyrrole 

monomer , acquired at 7.05 T (ν0 = 300.09 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz. 

 

The 1H spin-echo MAS NMR data of the pyrrole monomer (Figure 3.17(c)) exhibits resonances 

at δ 6.0 and 7.2 ppm which are consistent with the expected 1H chemical shifts of aromatic 

pyrrole protons.[244] The corresponding 1H spin-echo MAS NMR spectrum of the solid 

polypyrrole shows a single broad peak centred at δ ~4 ppm which possesses characteristics of 

both the 1H-13C dipolar and paramagnetic interactions (Figure 3.17(b)). In contrast, the 1H data 

measured from the polypyrrole/metal oxide composite system in Figure 3.17(a) shows that this 

broad resonance appears shifted downfield to δ ~6 ppm with this chemical shift change being 

ascribed to interaction of the pyrrole rings with the electronegative metal oxide surface thus 

causing the observed deshielding. An additional narrower resonance at δ ~0.8 ppm has become 

very prominent and this feature is assigned to the aliphatic proton species that are directly 

associated with the corresponding aliphatic carbon species depicted in Figure 3.17(a). 
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3.3.3 Electrochemical Analysis: 

 

Figure 3.18: EIS Nyquist Plots for C12 m-TiO2 (blue) PC(5) (red), PC(10) (green), PC(15) (purple) and PC(30) 

(cyan/ Inset) taken using a two electrode setup with an applied DC bias of 0V between the frequency range of 

106 and 10 Hz . 

 

As described in the experimental section, powder samples of all materials were pressed into 

individual disk cells. The potentiostatic impedance for each material was recorded between the 

frequency range of 106 and 10 Hz using a two electrode setup with an applied DC bias of 0 V 

at standard atmospheric conditions. the results are displayed in the Nyquist plot (Figure 3.18), 

due to the difficulty in comparing the relative performances in this plot the bode plots for the 

material is also used shown in Figure 3.19. The inset of the Nyquist plot shows the zoomed 

spectrum of sample PC(30), which is not clearly visible in the main spectra. This data was used 

to determine how the amount of polymer present within the pores of the material affects the 

conductivity. As was the case in Chapter 2, because these materials are being assessed as 

pellets, the main interest is that of the x axis intercept situated at high frequency region of the 

impedance spectrum as there is no Li+ diffusion taking place. this high frequency region 

provides the value of the resistance for the pellet. For this reason a higher frequency was used 

in order to obtain the most accurate x axis intercept using frequencies up to 1 MHz that have 

been shown used in published work demonstrating that it is an acceptable limit for use in these 

measurements.[231,232] However as mentioned in Chapter 2 it is also important to take into 

account the influence of contact resistance as the resistance between the active material and 
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that of the silver conducting resin used as the electrode could affect the readings that are 

recorded for the conductivity of the material.  

 

 

Figure 3.19: EIS Bode Plots depicting (a) phase response and (b) magnitude response for C12 m-TiO2 (blue) 

PC(5) (red), PC(10) (green), PC(15) (purple) and PC(30) (cyan/ Inset) taken using a two electrode setup with an 

applied DC bias of 0V between the frequency range of 106 and 10 Hz . 

 

The pristine C12 m-TiO2 has the largest x axis intercept and hence the lowest conductivity 

(3.84 x 10-2 mS.cm-1). The composite PC(5) showed a noticeable improvement in conductivity 

(1.04 mS.cm-1), with increased polymer loading however it is clear that the conductivity did 

not increase significantly with larger amounts of pyrrole loaded into the structure. Samples 

PC(10), PC(15) and PC(30) showed similar levels of conductivity 9.96 x 10-1 mS.cm-1, 9.89 x 

10-1 mS.cm-1 and 2.17 mS.cm-1 respectively. The best result shown by sample PC(30) was 

double the conductivity of sample PC(5) but in the same order of magnitude, despite the 

significantly higher polymer content. These results are similar to those reported in our previous 

work where C12 m-TiO2 saturated with thiophene and then polymerised produced 

conductivities higher than those of the pristine material (5.79 mS.cm-1).[236] Remarkably, this 

data demonstrates that the material does not need to be saturated with polymer to reach the 

peak conductivity level, and that increased loading makes little difference. Thus, further 

increasing the polymer content increases the weight without producing a noticeable 

improvement to the conductivity, which decreases the gravimetric energy storage capacity of 

the material. 
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Figure 3.20: EIS Nyquist plots for samples C6PC (blue) and C18PC (red) taken using a two electrode setup 

with an applied DC bias of 0 V 

 

Conductivity data were also recorded for samples of different pore sizes. Samples C6PC and 

C18PC were assessed using a two electrode setup with an applied DC bias of 0 V, The Nyquist 

plots are shown in Figure 3.20 and their respective bode plots can be seen in Figure 3.21. These 

materials showed similar conductivity values to those of the other composites, producing 

values of 1.70 mS.cm-1 and 1.81 mS.cm-1 for samples C6PC and C18PC, respectively. 

 

 

Figure 3.21: EIS Bode plots depicting (a) phase response and (b) magnitude response for samples C6PC (blue) 

and C18PC (red) taken using a two electrode setup with an applied DC bias of 0 V 
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Cyclic voltammetry of all materials was carried out using a variety of sweep rates ranging from 

0.5 – 5 mVs-1, allowing us to observe the electrochemical characteristics of the material at a 

variety of different power outputs. Figure 3.21 demonstrates the CV comparisons of all 

materials at 0.5 mVs-1. The comparison at this slow scan rate presents the clearest picture of 

the electrochemical nature of the material. The C12 m-TiO2 shows a higher current output than 

all of the composites with the exception of sample PC(5), the trend displaying that with 

increased polymer content the current produced becomes smaller. This is because there is little 

gain in conductivity to accompany the increase in weight, resulting in a decrease in current 

produced per gram of material. These results explain why in previous work on polythiophene 

doped mesoporous titanium oxide, the composites saturated with polythiophene produced 

inferior CV data compared to the host material.[236] The CV comparison at a high scan rate of 

5 mVs-1 (Figure 8.8) again shows the same trend. Composite materials show a decrease in 

performance relative to composite PC(5), however a more resolved oxidation peak situated at 

2.2 V is present in all composites whereas the C12 m- TiO2 shows a single broad peak from 1-

2.8 V.  

 

 

Figure 3.22: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at a 

sweep rates of 0.5 mVs-1 of samples C12 m-TiO2 (orange), PC(5) (green), PC(10) (blue), PC(15) (red) and 

PC(30) (purple) 
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Figure 3.23: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of (a) m-TiO2 and (b) PC(5) (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 

mVs-1 

 

This indicates that the composites show a more redox active character when compared to that 

of the pristine C12 m-TiO2. When we compare C12 m-TiO2 and sample PC(5) (Figure 3.23) 

we are able to observe that with an increase in sweep rate, the composite maintains its redox 

nature and the peaks remain resolved despite some broadening, whereas the C12 m-TiO2 peaks 

remain broad throughout. This is presumably due to the improvements in conductivity allowing 
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faster insertion and extraction of Li+ into the internal titanium sites. Both materials appear to 

produce increases in current proportional to sweep rate, indicative of a surface limited process 

typically seen for capacitive materials rather than the traditional diffusion limited processes 

typical for intercalation materials.[31] All other C12 composite materials multiple scan rate CV 

data is displayed in Figures 8.9 to 8.11. One noticeable trend in the CV data shows that as 

polymer content increases to 10%, redox nature becomes more pronounced. In composites 

PC(15) and (30) the peaks become less pronounced and more broad once again, which is likely 

due to the high level of polymer preventing the Li+ from being transported to large number of 

titanium sites, similar results can be seen with samples of different pore sizes. All composites 

produced superior results when compared to those studied previously using polythiophene.[236] 

The composites C6PC and C18PC show with the incorporation of polymer, the improved 

conductivity results in improved redox behaviour relative to the host.  

 

Figure 3.24: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of C18PC (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 

 

The composite C18PC shown in Figure 3.24 shows the most resolved redox character of all the 

samples tested. This is manifested as both more resolved redox peaks in the place of broad 

capacitive peaks in the host species (Figures 8.12 to 8.14), and an increase in the amount of 

current produced upon cycling, indicating an increase in both capacity and performance. 
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The capacity of the material was assessed by carrying out galvanostatic charge discharge 

analysis. Using cycling measurements over the course of 50 cycles, we are able to assess its 

capabilities as a secondary lithium battery cathode material. These were carried out at a current 

density of 1 mA.cm-2. The results of the polypyrrole composite materials were compared to the 

performance of their respective m-TiO2 hosts, in order to gauge the relative performance each 

material. 

 

Figure 3.25: 50 Cycles charge (crosses) discharge (squares) capacity data for polypyrrole composites PC(5) 

(green), PC(10) (blue), PC(15) (red) and PC(30) (purple) 

 

It is apparent from Figure 3.25 that as the polymer content in the structure is increased it 

produces a noticeable effect on electrochemical performance. The polypyrrole composite 

materials show initial capacities of 170, 138, 115 and 42 mAh/g, which drop to 86, 33, 36 and 

26 mAh/g after cycling, for composites PC(5), (10), (15) and (30), respectively. This was 

compared to the pristine C12 m-TiO2 (Figure 8.15), which possesses an initial capacity of 139 

mAh/g, which drops to 39 mAh/g after cycling. The cycle life data correlates well with the 

cyclic voltammetry showing that with an increase in polymer content beyond 5 wt%, the 

capacity is reduced. In addition the cycling performance of the material decreases. By doping 

C12 m-TiO2 with a small amount of polypyrrole within the pores (5 wt%), the performance 

improves by increasing the initial capacity, and maintaining this capacity over the course of 50 

cycles (86 mAh/g), more than double that of the C12 m-TiO2 (39 mAh/g). Further increasing 

the polymer content leads to a sudden drop in performance. The initial capacity decreases, and 

with repeated cycling the capacity falls off dramatically so that after 3 cycles the capacities are 

reduced to 62, 58 and 38 mAh/g for polypyrrole composites PC(10), PC(15) and PC(30), 

respectively. This suggests that increasing polymer content within the pores reduces the Li+ 
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transport capabilities, causing the capacity to decrease as it becomes no longer able to transport 

Li+ in and out of the pores. In addition to blocking the pores, the increase in weight with higher 

polymer content also reduces the amount of lithium stored per gram of material. This explains 

the results from our previous work on polythiophene nanowires in C12 mTiO2, where 

saturation of the host with thiophene vapour prior to polymerisation leads to improved 

conductivity with a significant decrease in its lithium storage capacity. This effect was 

attributed to the blockage of the pores post polymer synthesis, because increasing polymer 

content causes the pore volume to decrease. 

 

Figure 3.26: 50 Cycles charge (cross) discharge (square) capacity retention of polypyrrole composites C6PC 

(red), PC(5) (green) and C18PC (blue) 

 

 To investigate this hypothesis in this system we investigated the performance of the 5% 

polypyrrole composites with C12 m-TiO2 with both smaller and larger pore sizes. Figure 3.26 

shows the comparative capacity retention performance of the 5% composites of C6, C12 and 

C18 templated m-TiO2. Capacity data for C6PC, C18PC and their respective host materials can 

be seen in Figure 3.27. The main trend with the pristine materials is that with a decrease in pore 

size there is little effect on the initial capacity of the material. However, with inclusion of 

polymer, the initial capacity increases from 100, 138 and 98 mAh/g to 144, 178 and 146 mAh/g 

for sample C6PC, PC5 and C18PC, respectively. The main difference in initial capacity is most 

likely due to different surface areas of the host m-TiO2 materials. 
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Figure 3.27: 50 Cycles charge (crosses) discharge (squares) capacity data for C6 TiO2 (red), C6PC (blue) C18 

TiO2 (red) and C18PC (blue) at 1 mA.cm-2 

 

It does however produce a notable effect on the cycling performance of the material. After 

cycling it is observed that the material possessing the largest pores C18PC retains the highest 

proportion of its initial capacity after cycling at 85 mAh/g (58%), sample PC(5), made with 

C12 m-TiO2, retained a capacity of 86 mAh/g, (50.7%) and sample C6PC produced the lowest 

capacity at 41 mAh/g (28.6%). This trend supports the hypothesis that the smaller pores effect 

the recyclability of the composite material, when the pores are increased in size there is more 

room for the ions to diffuse through. This facilitates the insertion-deinsertion process. The 

reduction in initial capacity of the material therefore is most likely due to the increase in weight 

of the material brought by incorporation of larger quantities of polymer within the structure, 

and capacity retention is affected by both the conductivity and pore width of the material.  

 

3.4 Conclusions 

By exploring a variety of synthesis parameters, it was possible to determine the best conditions 

for the successful synthesis of a conducting composite of high surface area amine-templated 

mesoporous titanium oxides. The incorporation of polymer improved the conductivity of the 

material, but impregnating the host with excess polymer has little effect on further improving 

conductivity. By using only 5 wt% polymer loading the conductivity peaks at nearly two orders 

of magnitude higher than the pristine sample, with retention of high surface area (427m2/g). 

Sample PC(5) produces the best performance showing the highest initial capacity of 178 
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mAh/g. The incorporation of the polymer also allowed for improved capacity retention (50% 

compared to 28% from the host material) over the course of 50 cycles. 

 

The impact of pore size and surface area on the performance on these materials was also 

determined. Using mesoporous titanium oxides synthesised using C6 and C18 templates, it was 

determined that over the course of cycling, the C18 materials retained the highest proportion 

of their initial capacity at 58%. C6 templated materials, despite increasing initial capacity with 

polymer inclusion, only managed to retain 28% of its initial capacity after cycling. The 

differences in initial capacity can be linked to that of the surface area of the material, as the 

mesoporous titanium oxides hosts with the higher surface area possessed the highest initial 

capacity. Therefore the best performing materials for electrochemical applications are those 

combining larger pore sizes with high surface area impregnated with only a small amount (5%) 

of polymer. 
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Chapter 4 : TiO2 and Ta2O5 – Pyrrole Composites Using 
a Photochemical Synthesis Procedure 

 

4.1 Introduction 

Previously composites of polypyrrole and TiO2 nanoparticles have been made using UV light 

in the place of chemical oxidants such as FeCl3.
[245–247] The optical excitation of TiO2 induces 

the formation of an excited state, reacting with pyrrole to form a radical cation, which then 

reacts with other cation radicals to form polymer on the surface of the TiO2. This approach is 

advantageous over catalyst-based methods because it produces greater interfacial bonding 

between the two phases, and improves charge migration throughout the structure, while the 

chemical oxidation route only produces a deposited coating of polymer on top of the oxide.[245] 

This synthesis technique also reduces the risk of pore blockage by an externally adsorbed 

oxidant. While the extension of this approach to mesoporous TiO2 seems obvious, previous 

work by Domen et al. also demonstrated that mesoporous tantalum oxide performs well as a 

photocatalyst with a bandgap of 3.9-4 eV.[27,28] Thus, this material is also a promising candidate 

for UV-initiated polymerisation of pyrrole, however, at present very little research has been 

carried out on the synthesis of polypyrrole composites of large bandgap semiconductor such as 

Ta2O5.
[249] 

 

Scheme 4.1: UV synthesis strategy to produce polypyrrole nanowires within the pores of mesoporous 

TiO2. 
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In this work we continue our exploratory studies of improving the electron conductivity of high 

surface area mesoporous transition metal oxides employed as cathodes in Li+ battery cells, 

building on the previous success achieved with polypyrrole nanowires in Chapter 3.[250] The 

current investigation utilises a superior UV synthesis technique in the place of the previous 

solution based chemical oxidant synthesis. During the investigation the best materials are fully 

characterised to observe the effect of this different synthesis on the structure and performance 

of the materials. The mechanism is outlined in Scheme 4.1. The first step uses the previous 

method of monomer vapour diffusion loading into the host. This is followed by direct 

illumination to initiate cation radical formation followed swiftly by polymerisation without the 

need of any solvent or additional oxidant. During illumination the polymerisation undergoes 

propagation until the reaction has been completed. This alternative approach of synthesis to 

improve the interface between the two phases results in the overall simplification of the 

synthesis procedure by removing the need for a chemical oxidant. It also reduces the effect of 

leaching of polymer during the polymerisation step as there is no solvent present that can wash 

out polymer during this process.  

 

4.2 Experimental Section 

4.2.1 Synthesis 

All chemicals were purchased from either Sigma Aldrich or Alfa Aesar and used without 

further purification. 

Mesoporous TiO2 (m-TiO2) and Ta2O5 (m-Ta2O5)  

m-TiO2 and m-Ta2O5 were prepared according to the experimental procedure described 

previously in section 2.2.1.[250] The only differences in procedure was the use of a tantalum 

precursor (tantalum(V) ethoxide) for tantalum based composites and the ligand assisted 

templating was carried out with octadecylamine in the place of dodecylamine.  

Transition Metal Oxide-Polypyrrole Composites  

Polypyrrole composites of C18 m-TiO2 were prepared by first loading the host (ca. 400 mg) 

with pyrrole monomer by vapour diffusion in a sealed container for ½ hour, 1 hour, or 2 hours 

at 298 °K. The resulting samples were identified as TiC(0.5) TiC(1) and TiC(2), respectively. 
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The same procedure was used to prepare the Ta2O5 composite, however only at the loading 

time (1 h) that produced the best electrochemical results for Ti. This was identified as sample 

TaC. The materials were weighed before and after loading to determine increase in weight 

before transferring them to a stoppered quartz flask. The powders were stirred overnight under 

160 W UV illumination at an irradiation distance of 8 cm to complete the polymerisation 

process. The resulting powders were then washed with 200 mL deionised water for 6 h and 

filtered, and this process repeated twice to remove residual monomer that might still be present 

within the material. After the washing stage was complete the product was dried under vacuum 

for 2 hours at 200 °C to remove any remaining water from the sample. 

 

4.2.2 Characterisation 

Brunauer Emmett Teller (BET) surface area and pore size measurements were derived from 

nitrogen adsorption/desorption isotherms collected on a Micromeritics ASAP 2020. Infrared 

(IR) spectra were recorded on a Perkin Elmer FT-IR Spectrometer Spectrum RX1 using oven 

dried KBr discs and data treated on Spectrum 5.1 software. X-ray diffraction (XRD) was 

performed on Bruker D8 DAVINCI diffractometer with Cu K radiation (40 kV, 30 mA) 

source. The step size was 0.025°. The diffraction patterns were recorded in the 2 range 1.0 - 

100° and the total counting time was 3 hours. The thermogravimetric analysis (TGA) and 

differential thermal analysis (DTA) was performed on a STA 449C analyser from Netzsch 

under a flow of dried air at 10.00 °C/min up to 650 °C. Argon was used to protect the balance 

section. High Resolution Scanning Transmission Electron Microscopy (HRSTEM) was 

performed in a HD-2700 dedicated Scanning Transmission Electron Microscope (STEM) from 

Hitachi, with a cold field emitter equipped with a CEOS Cs corrector and operated at 200 kV. 

The powder samples were simply dry deposited onto a Cu grid covered with a carbon film 

(Quantifoil) having periodical holes with diameter of 1.2 microns. Observation was made in 

three different modes: bright field (BF), high angle annular dark field (HAADF) and secondary 

electron (SE).  

 

 4.2.3 Solid State NMR 

The 13C cross polarisation, magic-angle-spinning nuclear magnetic resonance (CPMAS NMR) 

and 1H spin echo MAS NMR data from the TiC(1) and TaC systems were acquired at ambient 

temperatures (~20 °C) using a Varian InfinityPlus-300 spectrometer (B0 = 7.05 T) operating at 
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1H and 13C Larmor frequencies of 300.09 MHz and 75.46 MHz respectively. The 13C CPMAS 

and 1H spin echo data were acquired using a Bruker 4 mm double channel HX probe which 

achieved rotational frequencies of 10 kHz. The 1H/13C CPMAS NMR were performed with an 

initial 1H π/2 pulse of 2.5 μ seconds duration, a 1H/13C Hartmann-Hahn contact period of 1 ms 

and a recycle delay of 3 seconds. TPPM decoupling with a 15° phase change between π pulses 

of 5 μs duration was applied during acquisition. The 1H spin echo MAS NMR were performed 

with an initial π/2 pulse of 2.5 μ seconds duration and a π pulse of 5 μ seconds while the refocus 

time was 100 μ seconds and a recycle delay of 3 seconds. All 1H and 13C chemical shifts were 

referenced against the primary standard of TMS via a secondary solid standard of alanine.  

 

4.2.4 Electrochemical Analysis  

All electrochemical analysis was performed with a Princeton Applied Research VersaSTAT. 

Electrochemical performance of the synthesised electrode materials as a Li+ battery electrode 

was assessed using a two electrode set up. The working electrodes (cathode) consisted of 80% 

active material, 10% super conducting carbon black, and 10% polyvinylidenefluoride (PVDF) 

by weight. The electrode paste was made by grinding the active material and carbon black to 

ensure a good mixture of the powders. The powders were then stirred with PVDF and n-methyl-

2-pyrrolidinone (NMP) solvent until a homogenous paste was formed. The paste was spread 

onto copper foil (current collector) and the electrode was dried by first heating to 80 °C to bake 

off any excess NMP solvent before increasing the temperature to 120 °C overnight to allow the 

electrode material to bind with the current collector, followed by punching out a 15 mm 

electrode disk. The metal lithium disks were used as the counter electrodes and were also 

punched into a 15 mm disk. The electrolyte used in this investigation was 1.0 M LiPF6 

dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) solutions at a ratio of 1:1 by 

volume. All cells were constructed within an argon filled glove box to ensure minimal exposure 

to oxygen. 

 

Cyclic voltammetry measurements were carried out at a variety of sweep rates 0.5, 1, 2 and 5 

mVs-1 and the potential windows used in all Titanium based experiments were 1-3.4 V vs Li/Li+ 

reference electrode. Tantalum based experiments carried out within a reduced potential 

window of 1-3 V vs Li/Li+ reference electrode. The initial potential of the scan was determined 

by the open circuit potential the cell (typically 2.3-2.6 V vs Li/Li+) with the initial scan direction 

being directed in the reduction direction towards a lower potential limit (1 V vs Li/Li+) with 
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cycles being completed once the final reduction sweep reaches the starting potential of the 

cycling process.  

 

Galvanostatic charge discharge measurements were carried out with a current density of 1 

mA.cm-2 between the potential window of 1-3.4 V vs a Li/Li+ reference electrode. Weights of 

each electrode were taken prior to cell assembly to determine cathode mass and then used to 

calculate capacity relative to mAh/g according to the mass of the electrode.  

 

4.2.5 Electrochemical Impedance Spectroscopy 

Electrochemical AC impendence spectra (EIS) were obtained using the same two electrode Li+ 

battery cell set up using the active material as the active electrode and a lithium metal foil as 

the counter electrode. Measurements were applied using a sine wave with amplitude of 5 mV 

over the frequency range from 100 KHz to 0.01 Hz. Measurements were carried out prior to 

the initial discharge of the cell, using a biased potential equivalent to that of the open circuit 

potential of the cell, this was necessary in order to remove the influence of polarisation on the 

values of conductivity that are produced. 

 

4.3 Result and Discussion 

Initial FTIR analysis was used to confirm the successful incorporation of polymer and this was 

followed by complete electrochemical analysis to determine the best performing materials. 

These were then subject to further characterisation by nitrogen adsorption, XRD, TGA, NMR 

and STEM to confirm structure and explore possible structure-property relationships. 

 

4.3.1 Characterisation: 

The nitrogen adsorption studies were conducted on starting materials m-TiO2 and m-Ta2O5 as 

well as their respective composites TiC(1) and TaC. The isotherms for the titanium and 

tantalum materials are shown in Figure 4.1. Both materials display isotherms on the cusp of 

type I or type IV, as expected for materials possessing a pore size of between 20-30 Å.[7] 

Pristine m-TiO2 possesses a Brunauer Emmett Teller (BET) surface area of 798 m2/g, which 

decreases to 691 m2/g for composite TiC(1). This drop in surface area on polymer incorporation 

is significantly lower (13.4% decrease) than that observed using the chemical oxidant synthesis 
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procedure used previously (51.2% decrease).[250] Similar results are observed with the tantalum 

materials, with the surface area of m-Ta2O5 dropping from 256 m2/g to 222 m2/g for composite 

TaC upon polymer incorporation. This small loss of surface area upon completion of vapour 

loading and UV treatment suggests the pores have been filled with polymer and the composites 

have retained the mesostructure of the host materials. Furthermore, this higher relative 

retention of surface area post impregnation may leave more free space within the pores, which 

could ease Li+ transport, shown to be a limiting factor in previous work.[236,250] 

 

 

Figure 4.1: Nitrogen adsorption (crosses) and desorption (squares) for m-TiO2 (blue) composite TiC(1) (red), 

m-Ta2O5 (purple), composite TaC (black) 

 

The low-angle region of the powder X-ray diffraction (PXRD) patterns of composite materials 

TiC(1) and TaC are shown in Figure 4.2. The broad reflection at 2-3° 2θ related to the 

mesostructure repeat distance is clearly visible in composite TaC, but less so in TiC(1).[251] 

While some loss of mesoscopic order may have occurred in the latter material, the presence of 

this reflection in both composites confirms that the mesoporosity of the materials has largely 

been retained upon incorporation of the polymer, supporting the nitrogen adsorption data. The 

high angle XRD patterns for composite TiC(1) and TaC are shown in Figures 8.16 and 8.17, 

respectively, and clearly show reflections for anatase in TiC(1) with no additional reflections 

for TaC, confirming the amorphous nature of the walls of this material. The appearance of 

anatase in the walls of TiC(1) upon UV treatment supports the reduction in the intensity of the 
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reflection associated with the mesostructure observed in Figure 4.2, as loss of ordered porosity 

normally accompanies crystallisation of the walls.  

 

 

Figure 4.2: PXRD pattern at low angles for samples (a)TiC 1 and (b) TaC 

 

The TGA/DTA data for composites TiC(1) and TaC is shown in Figure 4.3. From previous 

work on polymer doped mesoporous transition metal oxides we would expect to observe an 

initial weight loss up to 200 °C corresponding to an endothermic peak in the DTA related to 

solvent loss.[236,250] However, in both TiC(1) and TaC there is only a small exothermic peak 

observed from 20-150 °C, which could be due to the release of any residual organic monomer 

likely that of the amine template, trapped within the pores of the structure. This produces a 

small exothermic peak, as the smaller organics are desorbed. 
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Figure 4.3: Thermogravimetric analysis (blue) and differential thermal analysis (red) plots of (a) TiC 1 and (b) 

TaC 

 

In this initial region both composites lost approximately 3 wt%. The second region of the plot 

from 150-600 °C corresponds to the combustion of the longer polymer chains within the 

structure, and displays a much larger exothermic peak, as expected from our previous work on 

related systems. Composite TiC(1) lost 13 wt% in this region with sample TaC losing 17 wt%. 

The greater incorporation of polymer in TaC, in spite of its lower surface area relative to the 

Ti composites suggests a more efficient polymerisation process in the Ta system. Comparison 
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of the TGA results for TiC(1) to the chemical oxidant method, which produces a Ti composite 

containing only 10 wt% carbon with greater loss of surface area relative to the parent 

material,[250] underline the superiority of the UV method.  

 

 

Figure 4.4: SEM SE images of pyrrole composites (a) TiC(1) (100 kx) and (b) TaC (130 kx)at low 

magnification 

 

To further explore the pore structure and powder morphology, scanning transmission electron 

microscopy (STEM) was carried out on composites TiC(1) and TaC at three different levels 

magnification. Figure 4.4 shows the powder morphology of the composites as the images reveal 

clusters of grains without any clear structural motif. This is similar to what has been observed 

in previous work and is expected for amine-templated mesoporous oxides.[236]  

 

 

Figure 4.5: SE images of pyrrole composites (a) TiC(1) (900 kx) and (b) TaC (500 kx) at intermediate 

magnification 

When viewed at a higher magnification it is possible to discern the amorphous pore structure 

of both materials, which is fully visible throughout the image for composite TiC(1) and 
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discernible towards the lower half of the image for composite TaC, as shown in Figures 4.5(a) 

and b, respectively. Holes and dark patches demonstrate the gaps produced by the presence of 

pores within the structure. The presence of pore structure in these images after incorporation 

of the polymer further confirms the retention of the mesostructure.  

 

Figure 4.6: TEM BF images of pyrrole composites (a) TiC(1) (3.5 Mx)and (b) TaC (3.0 Mx) at highest 

magnification  

 

 The highest magnification images shown in Figure 4.6, enable us to observe any crystal lattice 

structure, if present, in the materials. The titanium composite in Figure 4.6(a) remains 

predominantly amorphous with small crystalline regions scattered throughout, consistent with 

the appearance of anatase in the XRD. The images of TaC from Figure 4.6(b) show 

predominantly amorphous regions with little if any traces of crystalline lattice structure. These 

observations are in agreement with the XRD data shown in Figure 4.2 and are typical of amine 

templated mesoporous oxides in general.[163] 

 

FTIR studies were carried out on all materials and the results shown in Figures 4.7 and 4.8 with 

remaining spectra shown in Figure 4.9 to and 4.10 along with spectra from pyrrole and 

polypyrrole (Figures 8.6 and 8.7 respectively) to assist in assigning bands in the composite 

samples. Figures 4.7 and 4.8 shows typical spectra for fully characterised materials TiC(1) and 

TaC respectively. The pyrrole and polypyrrole spectra display four characteristic peaks located 

at 3100 cm-1 (aromatic C-H stretch), 1500-1600 cm-1 (aromatic C=C stretch), 1300-1400 cm-1 

(C-C stretching vibration) and 800 cm-1 (C-H aromatic bending vibrations).[241,252] These 

stretches are observed in both the spectra of the monomer and polymer, however the stretches 

for the polymer are situated at lower wavenumbers than those of the respective monomer due 

to an increase in the conjugation. Since the spectra of pristine m-TiO2 and Ta2O5 both show 
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strong residual water stretches at 3200 cm-1 and 1600-1650 cm-1, in addition to a weaker stretch 

situated at 800-820 cm-1, polypyrrole stretches expected in these regions will be obscured, and 

therefore only the stretches situated at 1400 and 730 cm-1 can only be used to confirm the 

presence of polymer within the structure.[250] In all composites there is a C-C stretching 

vibration from 1417-1400 cm-1, indicating an increase in conjugation due to polymerisation. 

Furthermore, when comparing the respective Ti composites prepared at different vapour-

loading times, as monomer loading increases this stretch at 1417-1400 cm-1 gains intensity and 

definition as more polymer is incorporated into the structure. In addition to this increase in 

intensity, the stretch at 1400-1402 cm-1 in the monomer moves to lower wavenumbers, 

indicating an increase in conjugation and successful polymerisation by the UV reaction with 

mesoporous hosts.  

 

 

 

Figure 4.7: IR spectrum of composite TiC 1 
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Figure 4.8: IR spectrum of composite TaC 

 

 

 

Figure 4.9: IR spectrum of composite TiC 0.5 
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Figure 4.10: IR spectrum of composite TiC 2 

 

As only limited information on the nature of the pyrrole species in the pores can be extracted 

from these FTIR spectra, NMR studies were conducted on the composites. 

 

4.3.2 Solid State NMR 

The 13C spectra of polypyrrole and pyrrole synthesised using the chemical oxidant method is 

shown in Figure 4.11. Pyrrole displays resonances at 108 and 118 ppm, compared to the 

polypyrrole, which shows a single broad resonance at 130 ppm. Figure 4.12(b) shows aromatic 

13C resonances at δ 140.8, 126.6 and 128.9 ppm. The gap between 140.8 ppm and 126.6, 128.0 

ppm is roughly consistent with the expected gap between alpha and beta carbon in polypyrrole, 

(~125 and ~105 ppm in literature).[253,254] Thus, these resonances confirm the successful 

polymerisation by the UV reaction. However, the chemical shift values of polypyrrole in 

TiC(1) are significantly higher than their pure counter parts due to the environment in the pores. 

Additionally, there is a very broad resonance under these narrow resonances which could be 

the narrower resonances broadened by proximity to a paramagnetic centre (the conduction 

protons). The resonances at 19.4 and 30.0 ppm are consistent with the chemical shift of reduced 

pyrrole. 
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Figure 4.11: 13C CPMAS NMR data of (a) polypyrrole and (b) pyrrole acquired at 7.05 T (ν0 = at 75.45 MHz) 

using a Bruker 4 mm HX probe spinning at 10 kHz. 

 

 

 

Figure 4.12: 13C CPMAS NMR data of (a) composite TaC, (b) composite TiC(1) acquired at 7.05 T (ν0 = at 

75.45 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz 

 

The 1H spectrum of pyrrole and polypyrrole is provided in Figure 4.13. Pyrrole protons show 

resonances at 6 and 7.2 ppm while the solid polypyrrole has a single broad resonance centred 
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around 4 ppm due to paramagnetic interactions. composite TiC(1) seen in Figure 4.14(b) shows 

broad resonances at δ 6.9 and 7.7 ppm which are consistent with aromatic and/or hydrogen 

bonded protons similar to those seen in previous work, but less so than one would be expected 

if there were broadened by paramagnetism. However, there are also aliphatic proton resonances 

at δ 1.4, 2.0 and 3.4 ppm, which are not expected in the spectrum of polypyrrole. These have 

previously been assigned to reduced pyrrole. This is in agreement with the 13C spectra of TiO2 

polypyrrole. The 13C spectrum of TaC shown in Figure 4.12(a) is significantly different than 

that of TiC(1). First, there is a very broad and consequently weak resonance at δ ~130 ppm 

which is the aromatic 13C resonance. However, there are no narrow resonances like those in 

the TiC(1) spectrum. This suggests that in TaC these environments are broadened by proximity 

to a paramagnetic centre (the conduction protons). There are several narrow resonances 

between δ 20 and 40 ppm, which are again assigned to reduced pyrrole. However, these 

resonances are not broadened because they are further away from the conduction protons. The 

TaC 1H spectrum, displayed in Figure 4.14(a), shows a resonance at δ 5.5 ppm consistent with 

aromatic protons. There are also two resonances at δ 0.4 and 0.9 ppm which could be consistent 

with reduced polypyrrole though they are at significantly lower chemical shift than they appear 

in the TiC(1) spectrum. 

 

 

Figure 4.13: 1H one pulse MAS NMR data of (a)polypyrrole and (b) pyrrole monomer , acquired at 7.05 T (ν0 = 

300.09 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz. 



 

124 

 

 

 

Figure 4.14:1H one pulse MAS NMR data of (a) composite TaC, (b) composite TiC(1) acquired at 7.05 T (ν0 = 

300.09 MHz) using a Bruker 4 mm HX probe spinning at 10 kHz. 

 

4.3.3 Electrochemical Analysis: 

In order to study the effect of polymer incorporation on the conductivity of the materials, 

electrochemical impedance spectroscopy (EIS) experiments were carried out on all materials. 

The impedance measurements were all carried out using a two electrodes setup prior to the 

initial discharge, using a biased potential equivalent to that of the open circuit potential of the 

cell over the frequency range from 100 KHz to 0.01 Hz, all open circuit potential values are 

listed in the Figure caption. By examining a Nyquist plot it is possible to discern three separate 

regions. First, there is the high frequency segment, which contains the lowest x-axis intercept 

and corresponds to the resistance of the electrolyte within the cell (Rel). As frequency decreases 

this is followed by a partial semicircle, from which a higher intercept, known as the charge 

transfer resistance (Rct) can be obtained by modelling. This is finally followed by a linear 

section at low frequencies corresponding to the lithium diffusion process (W). Because the 

diffusion rate within the electrolyte solution is always significantly higher than that of the solid-

state electrode, the Rct is considered the rate-determining step in this measurement. Figure 4.15 

shows the Nyquist plots for m-TiO2 and all its respective composites prepared at different 

loading levels. with all values for Rct and Rel provided in Table 4.1. The composite materials 

possess Rct values of 50.84, 25.46 and 55.01 Ω for TiC(0.5), (1) and (2), respectively, which 
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are all significantly smaller than the value of 102.66 Ω measured for the m-TiO2 host. This 

decrease in Rct indicates that polymer incorporation into the host has produced a significant 

improvement in the conductivity, and that the amount of polymer present in the initial loading 

stage directly affects the resistivity of the final material. Figure 8.18 shows the Nyquist plots 

for mesoporous tantalum oxide and its composite TaC. The Rct has also decreased from 341.57 

Ω in the host materials to 145.54 Ω in TaC. Once again, these results confirm that incorporation 

of polypyrrole within the pores of the material leads to improved conductivity, however the Ta 

materials are generally more resistive than their Ti analogues.  

 

Figure 4.15: Nyquist Plot over the frequency range from 100 KHz to 0.01 Hz using a two electrode setup, using 

biased potentials equivalent to the open circuit potential of the cell, m-TiO2 at 2.275 V vs Li/Li+ (blue), TiC(0.5) 

at 2.255 V vs Li/Li+ (black), TiC(1) at 2.290 V vs Li/Li+ (purple) and TiC(2) at 2.215 V vs Li/Li+ (red) 

 

Sample Rel Rct Actual Rct 

(Rct-Rel) 

m-TiO2 3.16 105.81 102.65 

TiC 0.5 4.50 55.34 50.84 

TiC 1 3.36 28.82 25.46 

TiC 2 5.00 60.01 55.01 

Ta2O5 4.56 346.13 341.57 

TaC 1 2.27 147.81 145.54 

 

Table 4.1: EIS data for M-TiO2, m-Ta2O5 and all respective composite materials 
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The low frequency region of the Nyquist plot, referred to as the Warburg impedance, is used 

to calculate the Li+ diffusion coefficient using Equation 4.1.[255] 

 

Equation 4.1   D = (R2T2)/(2A2n4F4C2𝜎2) 

 

Where T is the absolute temperature (298 ºK), R is the noble gas constant (8.314 MPa cm3 mol-

1 K-1), n is the number of electrons involved in the redox reaction, A is the contact area of the 

electrode (π x 0.752 (cm2)), F is Faraday constant (96485 C mol−1), C is the concentration of 

Li+ in the electrolyte (1 mol cm-3), D is the lithium diffusion coefficient (cm2 s-1), and σ is the 

Warburg factor (Ω s-1/2).  

 

The lithium diffusion coefficient allows us to compare diffusion charge transport properties of 

the respective materials. However to calculate the diffusion coefficient we must first calculate 

the Warburg factor, this can be calculated according to Equation 4.2.[256,257] 

 

Equation 4.2   Zre =  Rct +  R1 +  σω−1/2 

 

Where ω is the frequency and Zre is the real impedance. The relationship between real 

impedance and frequency is used to plot a straight line in which the gradient will provide the 

value of the Warburg factor (σ). The plots for σ are provided in Figure 4.16 and 4.17 for the Ti 

and Ta materials, respectively. 

 

The values of σ demonstrate the differences of Li+ diffusion coefficient, as concentrations are 

identical in all materials, with all measurements taking place prior to initial discharge. 

Mesoporous TiO2 produced a σ value of 32.05 Ω s-1/2 with the composite materials TiC(0.5), 

TiC(1) and TiC(2) producing σ values of 22.67, 14.62, 23.57 Ω s-1/2 respectively. By inserting 

these values into Equation 4.1 it is possible to calculate values of Li+ diffusion coefficient for 

all the materials. Mesoporous TiO2 was calculated at 1.1 x 10-17 cm2 s-1 changing to 2.21 x 10-

17, 5.3 x 10-17 and 2.04 x 10-17 cm2 s-1 for composite materials TiC(0.5), TiC(1) and TiC(2) 

respectively. This produces respective ratios of (4.80):(2.0):(1.85):(1) for TiC(1), TiC(0.5), 

TiC(2) and TiO2, respectively. These ratios demonstrate the material with the best Li diffusion 

capabilities is TiC(1) as it has a diffusion coefficient nearly five times higher than the starting 

material. These values are of a similar magnitude to those seen for other reported TiO2 materials 
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(1x10-15 – 1x10-17 cm2 s-1)[31,92,258] These results show close agreement to the results obtained 

from impedance analysis with the order of performance being 

TiC(1)>TiC(0.5)>TiC(2)>TiO2.This confirms that with increased polymer content up to 10 

wt%, the performance increases before deteriorating due to reduced lithium transport properties 

and increased weight.  

 

Figure 4.16: Plot real impedance vs reciprocal square root of frequency for titanium materials TiO2 (blue), 

TiC(0.5) (red), TiC(1) (black) and TiC(2) (purple) 

 

Figure 4.17: Plot of real impedance vs reciprocal square root of frequency for tantalum materials Ta2O5 (blue), 

TaC (red) 
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The results for the Ta materials produced a σ value of 149.6 to 148.2 Ω s-1/2 for m-Ta2O5 and 

TaC respectively. By inserting these values into Equation 4.1 it is possible to calculate values 

of Li+ diffusion coefficient. Mesoporous. Ta2O5 was calculated at 5.07 x 10-19 cm2 s-1 and 

Composite TaC produced a value of 5.16 x 10-19 cm2 s-1. These results demonstrate that there 

is little change to the diffusion coefficient with polymer incorporation, these diffusion 

coefficients are both sufficiently lower (~100 x) than those of the analogous Ti materials. 

 

Figure 4.18: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

sweep rates of 5 mVs-1 of samples C12 m-TiO2 (blue), TiC(0.5) (black), TiC(1) (purple), TiC(2) (red) 

 

Cyclic voltammetry was carried out at a variety of cycle rates on all samples in order to explore 

the electrochemical behaviour of the materials. Looking first at the Ti series, the difference 

between materials is most salient in the cyclic voltammograms (CV’s) recorded at the highest 

scan rate of 5 mVs-1 (Figure 4.18). The first observation is that charge transfer in the composites 

has become more redox like, as demonstrated by the narrowing of the reduction and oxidation 

peaks when compared to m-TiO2. 

 

The mesoporous oxide host shows broad peaks situated at 1.35 and 2.45 V, for reduction and 

oxidation, respectively. Whereas the composite materials TiC(0.5), (1) and (2) show reduction 

peaks at 1.55, 1.45 and 1.35 V and oxidation peaks at 2.2 and 2.35 V, respectively. The 

oxidation peak has shifted down in potential compared to the host material and the reduction 

peak, with exception of TiC(2), has increased in potential, demonstrating that all composites 
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possess smaller differences in charge separation compared to the host material, in part similar 

to our previous work.[250] This indicates an increase in conductivity, corroborating the results 

of the Nyquist plots and demonstrating that incorporation of the largest (TiC(2)) quantities of 

polymer produces a smaller current response than the host material, whereas the lowest 

(TiC(0.5)) and medium loading levels (TiC(1)) produces a larger current response. Thus, at 

lower loading levels the electrochemical performance improves due to optimal gains in 

conductivity with minimal addition of weight to the material. At the lowest loading level the 

performance only increases slightly. This may be because this loading level is lower than any 

used in previous studies and that using very small amounts of polymer leads to limited pore 

penetration of the polymer and any gain in performance due to improved conductivity is offset 

by pore blockage.  
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Figure 4.19: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of (a) m-TiO2 and (b) TiC(1) at 0.5 mVs-1 (blue), 1mVs-1 (purple), 2 mVs-1 (black), 5 mVs-1 

(red) 

 

Figure 4.19 shows the CV of multiple scan rates of m-TiO2 and its best performing composite 

TiC(1). In these data it is possible to see the differences in performance between the host and 

composite over a variety of cycle rates. As sweep rates are increased the composite retains its 

peak shapes better than that of the host material, which shows significant broadening. The 

current response for both materials increases in close proportion to the sweep rate used, which 
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is typical for a capacitive type response. The CV’s for all other samples are shown in Figures 

8.19 and 8.20, while the CV’s of mesoporous Ta oxide and its respective composites are 

displayed in Figures 8.21 and 8.22. The results of the Ta series demonstrate that the 

incorporation of polymer into the structure has produced very little change in the 

electrochemical nature of the material. Despite an increase in the current produced on the initial 

cycle there is very little difference between the features of the CV of each material. This 

indicates that Li+ insertion in this system still remains irreversible, as in the host material, 

despite the incorporation of polymer to improve the conductivity. 

 

Figure 4.20: 50 Cycles charge (crosses) discharge (squares) capacity data for m-TiO2 (blue), TiC(0.5) (black), 

TiC(1) (purple), TiC(2) (red) 

 

The capacity for all materials was measured using galvanostatic charge discharge analysis over 

the course of 50 cycles to determine peak capacities and explore cycle stability. All assessments 

were carried out at a discharge current density of 1 mA.cm-2. Looking at the results shown in 

Figure 4.20, the incorporation of the polymer into the structure has significantly affected the 

cycling performance of the materials. The composites of m-TiO2 possess initial capacities of 

137, 190 and 100 mAh/g, which then drop after 50 cycles to 57, 88 and 49 mAh/g for 

composites TiC(0.5), (1) and (2), respectively. These compare to m-TiO2, which produced an 

initial capacity of 128 mAh/g, which drops to 28 mAh/g after cycling. The scaled and unscaled 

capacity data of oxidant synthesised polypyrrole is provided in Figure 8.23. To demonstrate 

that the improvements in performance are not merely caused by the inclusion of polymer alone. 

Tests were carried out on synthesised polypyrrole in the absence of transition metal oxides and 

assessed at the equivalent amounts expected for doping levels of 5-15 wt%. These produced a 
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peak capacity of <9 mAh/g, and thus demonstrate the superior electrochemical properties are 

not simply the inclusion of polymer.  

 

Figure 4.21: Discharge capacity retention % data for m-TiO2 (blue), TiC(0.5) (black), TiC(1) (purple), TiC(2) 

(red) 

 

Moreover, by comparing the percentage of capacity retention throughout cycling, Figure 4.21 

shows that despite the decrease in initial capacity for composite TiC(2), all three materials 

possess significantly improved capacity retention compared to m-TiO2. Thus, with the smallest 

loading level of polymer the capacity increases only slightly with respect to the pristine 

material. This is likely due to the increase in weight of the material coupled with only a 

moderate enhancement in conductivity by the low-loaded polymer, possibly because of 

discontinuities in the charge carrier pathways. In addition to this small increase in capacity, the 

overall capacity retention increases due to the marginally improved conductivity of the 

material, allowing for easier charge transport. When the pore loading time increases to one 

hour in TiC(1), it produces both increases in initial capacity and improvements in capacity 

retention. This is likely due to a bridging of the discontinuous charge carrier pathways by 

increasing the polymer distribution and conjugation length, hence allowing greater electron 

flow into the inner channels. However, in TiC(2), excess polymer from two hours loading 

causes the performance to decrease, lowering the initial capacity due to the increase in weight, 

but still producing good capacity retention. This final observation is similar to conclusions 

from our previous work with chemical oxidation of thiophene and pyrrole,[236,250] where 

excessive loading improved conductivity but inhibited Li+ transport. 
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These results demonstrate that while this more direct and elegant method of incorporation of 

conducting nanowires in the pores leads to improvements over the results using chemical 

oxidant routes, which achieved capacities of 170 mAh/g dropping to 86 mAh/g after 

cycling,[250] the 190 mAh/g performance does not surpass that of some of the best performing 

TiO2 materials from the literature, which can reach 237 mAh/g or more.[259] The reasons for 

this are likely related to the lower conductivity of TiC(2) versus TiC(1), which could be due to 

shorter chain polymers formed in TiC(2) with respect to TiC(1). The reason for this is higher 

concentration of monomer coupled with the limited capability of the UV light to penetrate 

completely through the bulk material limits, as reported previously in UV polymerisation work 

using narrow porous hosts.[245] This would allow for only a certain efficiency of polymerisation 

within the pores, thus leaving discontinuities in the charge carrier pathways, which would 

inhibit charge transport. This ultimately limits the advantages of the additional organic content 

as further addition of polymer only adds excess weight while lowering conductivity and 

decreasing capacity performance.  

 

Figure 4.23: 50 Cycles charge (crosses) discharge (squares) capacity data for m-Ta2O5 (blue), TaC (red) 

 

The capacity data for TaC is displayed in Figure 4.23 with capacity retention data show in 

Figure 8.24. As with the titanium composite TiC(1) incorporation of the polymer within the 

structure improves the initial capacity from 27 mAh/g for the m-Ta2O5 to 55 mAh/g for TaC. 

This, however, is followed by a rapid decrease in capacity, so that after the first three cycles 

the capacities have dropped to 11 and 10 mAh/g, for m-Ta2O5 and TaC, respectively, before 

levelling off at final capacities of 4.9 and 4.5 mAh/g after cycling. The reason for this rapid 
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drop in capacity is likely due to the irreversible nature of the Li+ intercalation into the material. 

Because the Li+ cannot be removed from the structure, there is little space in subsequent cycles 

to insert fresh Li+. The composite TaC also shows inferior capacity retention when compared 

to m-Ta2O5 as the improved initial capacity of the composite material is followed by a rapid 

decline as the final capacity approaches that of m-Ta2O5.  

 

4.4 Conclusions 

Using UV initiated polymerisation of vapour-loaded pyrrole in mesoporous Ti and Ta oxides 

at a variety of different loading levels, it was possible to overcome the insulating nature of 

these high surface area porous oxides and exploit redox sites on the inner walls of the 

mesostructure. The post-polymerisation retention of surface area for these materials was much 

higher than observed in previous chemical-based polymerisation methods, with only a 13.4% 

decrease in surface area compared to 51.2% when using a catalyst.[250] Electrochemical studies 

established that inclusion improves the conductivity of both the Ti and Ta materials up to 

loading times of one hour, however loading for longer periods produces a drop in conductivity 

and capacity due to increase in weight with no benefits to performance. The best composite 

TiC(1) showed superior Li+ capacity to the pristine host (190 vs 128 mAh/g), dropping to 88 

mAh/h after cycling, and significantly higher than results achieved using chemical oxidation 

(170 mAh/g dropping to 86 mAh/g after cycling). The tantalum materials showed a large 

increase in their initial capacity (27 - 55 mAh/g), however due to the irreversible nature of the 

process, the performance tapered off for both materials to yield similar final capacity values (≈ 

5 mAh/g).  

 

Thus, the improvements in conductivity coupled with superior retention of post-polymerisation 

surface area and porosity suggests that UV-initiated polymerisation of pyrrole is a promising 

synthesis strategy that can be used to improve the performance of a wide range of insulating 

porous oxides without adversely affecting the structure. Since the majority of battery materials 

are inherently insulating and require carbon coating before implementation, this method may 

provide a convenient and inexpensive alternative to pyrolysis and graphene-based methods of 

improving charge transport. 
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Chapter 5 : Sulphide Treatment of Mesoporous TiO2 
with HMDST to Improve Conductivity of the Host 

Species 
 

5.1 Introduction 

Initial Li+ batteries developed in the 1970’s and 1980’s were made using the layered transition 

metal chalcogen (TiS2),
[260–262] which possesses metallic levels of conductivity due to the Ti-S 

band overlap.[180] This removes the need for conducting additives such as carbon, which reduce 

the volumetric and gravimetric energy densities. Because of this the introduction of air-stable 

sulfur impurities into mesoporous titanium oxides could significantly improve their 

conductivity without inhibiting diffusion through the pores. Mesoporous chalcogenides have 

previously been made directly,[263–268] but in the present case S doping at the inner surface on 

a mesoporous Ti oxide by O-S exchange to give a Ti oxysulfide may give the advantages of 

the lower weight of oxides coupled with the higher conductivities of sulfides (Scheme 5.1). 

Sulfur doped TiO2 materials are usually synthesised using compounds such as thiourea [269,270] 

and H2S [271] and are annealed to temperatures exceeding 600 °C to produce crystalline 

materials.  

 

 

Scheme 5.1: Schematic of electronic structure of transition metal oxides and oxysulfides 
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In this work we continue improving the electron conductivity of mesoporous oxides by utilising 

a sulfur doping procedure. However the high annealing temperatures normally used are not 

possible because the thermal stability of the mesoporous oxides only allow temperatures of < 

300 °C. Low temperature procedures are thus explored using hexamethyldisilathiane 

(HMDST) [272,273] as a sulfur donor in a mild reflux reaction are used to maximise the reaction 

without the loss of mesostructure. The sulfur in the HMDST exchanges with the oxygen at the 

surface of the pore walls leading to the formation of a Ti-S bond at the expense of the more 

stable Si-O bond to form Hexamethyldisiloxane. The incorporation of the sulfur improves the 

conductivity of the material compared to that of the pure oxide. This reduces the energy barrier 

to transport electrons throughout the material. During this investigation we evaluated the use 

of different dopant quantities and heat treatments at various temperatures to determine how this 

affects the structure and electrochemical properties of the resulting materials.  

 

5.2 Experimental:  

5.2.1. Synthesis 

All chemicals were purchased from either Sigma Aldrich or Alfa Aesar without further 

purification. 

 

Mesoporous TiO2 (m-TiO2) 

m-TiO2 was prepared according to the experimental procedure described previously in Chapter 

2 section 2.2.1.[250] The only differences in procedure was the ligand assisted templating was 

carried out with octadecylamine in the place of dodecylamine.[236,250,274]  

 

Transition Metal Oxysulfide Composites 

All synthesis procedures were undertaken either within a glove box or under vacuum in order 

to minimise exposure to oxygen. Transition metal oxysulfide composites of C18 templated 

mesoporous TiO2 were prepared by taking 400 mg of mesoporous oxide and placing it in 40 

mL of toluene, this was then placed into a reflux set up and followed by the addition of HMDST 

via syringe. Once the addition of HMDST was complete the sample was heated steadily (20 ºC 

every 5 minute) until under reflux (120-130 ºC), this was left overnight under a slow nitrogen 
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flow to complete the reaction and prevent any build up of pressure of backflow. Upon 

completion of the reaction, the mixture is cooled down to room temperature, and the condenser 

replaced with a glass stopper under fast nitrogen flow. Volatiles were removed in vacuo 

removing all of the solvent and as much reagent as possible, once completed the solid is heated 

under vacuum at a designated temperature for four hours. The solid is then washed in 50 mL 

of toluene for one hour before being filtered and is twice to remove residual sulfur reagent that 

may be present within the material. All washing procedure takes place within an argon filled 

glove box. After the washing stage was complete the product was dried in vacuo for 2 hours at 

200 °C to remove any remaining solvent from the sample. 

 

In this investigation the amount of HMDST used during the reaction was varied, using 1.6 (1.5 

mL), 2.8 (2.5 mL) and 4 (3.5 mL) equivalent’s with respect to m-TiO2 at a fixed temperature 

of 150 °C. This was then followed by the use of different heating treatments, using temperatures 

of 100, 150 and 200 °C using the quantity of reagent that produced the composite with the best 

electron conductivity.  

 

5.2.2 Characterisation 

Brunauer Emmett Teller (BET) surface area and pore size measurements were derived from 

nitrogen adsorption/desorption isotherms collected on a Micromeritics ASAP 2020. Infrared 

(IR) spectra were recorded on a Perkin Elmer FT-IR Spectrometer Spectrum RX1 using oven 

dried KBr discs and data treated on Spectrum 5.1 software. X-ray diffraction (XRD) was 

performed on Bruker D8 DAVINCI diffractometer with Cu K radiation (40 kV, 30 mA) 

source. The step size was 0.025°. The diffraction patterns were recorded in the 2θ range 1.0 - 

100° and the total counting time was 3 hours. The thermogravimetric analysis (TGA) and 

differential thermal analysis (DTA) was performed on a STA 449C analyser from Netzsch 

under a flow of dried air at 10.00 °C/min up to 650 °C. Argon was used to protect the balance 

section. High Resolution Scanning Transmission Electron Microscopy (HRSTEM) was 

performed in a HD-2700 dedicated Scanning Transmission Electron Microscope (STEM) from 

Hitachi, with a cold field emitter equipped with a CEOS Cs corrector and operated at 200 kV. 

The powder samples were simply dry deposited onto a Cu grid covered with a carbon film 

(Quantifoil) having periodical holes with diameter of 1.2 microns. Observation was made in 
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three different modes: bright field (BF), high angle annular dark field (HAADF) and secondary 

electron (SE).  

 

5.2.3 Electrochemical Analysis  

All electrochemical analysis was performed with a Princeton Applied Research VersaSTAT 

using a cell constructed within an argon filled glove box to ensure minimal exposure to oxygen. 

Electrochemical performance of the synthesised electrode materials as a Li+ battery electrode 

was assessed using a two electrode set up. Working electrodes (cathode) consisted of 80% 

active material, 10% super conducting carbon black, and 10% polyvinylidenefluoride (PVDF) 

by weight. The electrode paste was made by grinding the active material and carbon black to 

ensure a good mixture of the powders. The powders were then stirred with PVDF and n-methyl-

2-pyrrolidinone (NMP) solvent until a homogenous paste was formed. The paste was spread 

onto copper foil (current collector) and the electrode was dried by first heating to 80 °C to bake 

off any excess NMP solvent before increasing the temperature to 120 °C overnight to allow the 

electrode material to bind with the current collector, followed by punching out a 15 mm 

electrode disk. Metal lithium disks were used as the counter electrodes were also punched into 

a 15 mm disk. The electrolyte used in this investigation was 1.0 M LiPF6 dissolved in ethylene 

carbonate (EC) and diethyl carbonate (DEC) solutions at a ratio of 1:1 by volume with a lithium 

disk used as the anode. Cyclic voltammetry measurements were carried out at a variety of 

sweep rates 0.5, 1, 2 and 5 mVs-1 and the potential windows used in all experiments was cycled 

between 1 and 3 V vs. Li/Li+ reference electrode. The initial potential of the scan was 

determined by the open circuit potential the cell (typically 2.3-2.6 V vs Li/Li+) with the initial 

scan direction being directed in the reduction direction towards a lower potential limit (1 V vs 

Li/Li+) with cycles being completed once the final reduction sweep reaches the starting 

potential of the cycling process.  

 

Galvanostatic charge discharge measurements were carried out with a current density of 1 

mA.cm-2 between the potential window of 1-3 V vs. a Li/Li+ reference electrode. Each 

electrode was weighed prior to cell assembly to determine cathode mass and then used to 

calculate capacity relative to mAh/g according to the mass of the electrode.  
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5.2.4 Electrochemical Impedance Spectroscopy 

Electrochemical AC impendence spectra were obtained using the same two electrode Li+ 

battery cell set up using the active material as the active electrode and a lithium metal foil as 

the counter electrode. Measurements were applied using a sine wave with amplitude of 5 mV 

over the frequency range from 100 KHz to 0.01 Hz. Measurements were carried out prior to 

the initial discharge of the cell, using a biased potential equivalent to that of the open circuit 

potential of the cell, this was necessary in order to remove the influence of polarisation on the 

values of conductivity that are produced. 

 

5.3. Results and Discussion: 

5.3.1. Characterisation 

 

Figure 5.1: Nitrogen adsorption (crosses) and desorption (squares) for m-TiO2 (red), composites made using 1.5 

mL (blue), 2.5 mL (purple), 3.5 mL (black) of HMDST at temperatures of 150 °C 

 

Nitrogen adsorption studies were carried out on all composites to determine the effect of 

synthesis conditions on the surface area and pore structure of the materials. The isotherms of 

pristine m-TiO2 and the composite materials synthesised using various amounts of HMDST at 

150 °C are shown in Figure 5.1 with all Brunauer-Emmett-Teller (BET) surface area results 

displayed in Table 5.1. As expected m-TiO2 and the composite materials synthesised using 1.5 

and 2.5 mL of HMDST display isotherms between type I and type IV, typical for amine-

templated mesoporous materials with pores sized between 18-25 Å. However, the composite 
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made with 3.5 mL of HMDST at 150 °C resembles more closely a type II isotherm for a non-

porous material, suggesting a much lower surface area for this material. Indeed, the parent m-

TiO2 possessed a BET surface area of 862 m2/g, which decreased to 527, 429, and 66 m2/g, 

respectively, for composites made using 1.5, 2.5, and 3.5 mL of HMDST. This trend 

demonstrates that the mesoporous structure is maintained on treatment with lower levels of 

HMDST, but as the amount of HMDST increases, the surface area is significantly reduced, 

possibly because of mesostructure collapse or because of significant increase in weight and/or 

filling of the pores with organic residue.  

 

Material 
BET surface area/ 

m2/g 

C18 m-TiO2 862 

1.5 mL of HMDST at 150 °C 527 

2.5 mL of HMDST at 150 °C 429 

3.5 mL of HMDST at 150 °C 66 

3.5 mL of HMDST at 100 °C 660 

3.5 mL of HMDST at 200 °C 41 

 

Table 5.1: Surface area of m-TiO2 and respective oxysulfide composites. 

 

The nitrogen adsorption isotherms for samples synthesised at 100 °C, 150 °C, and 200 °C with 

3.5 mL of HMDST can be seen in Figure 8.25. The isotherm of the material synthesised at the 

lowest temperature of 100 °C is between type I and IV, suggesting retention of pore structure 

with only small to moderate loss of surface area, while the samples synthesised at 150 and 200 

°C possess isotherms that resemble more closely type II, This shape is suggestive of a large 

loss of surface area due to pore blockage or collapse, as it is typically observed for low surface 

area and non-porous materials.[250] Following this predicted trend, the BET surface areas of the 

composite materials drop from 660 m2/g to 66 and 41 m2/g on increase of synthesis temperature 

from 100 °C to 150 and 200 °C, respectively. So in summary, the composites generally retain 

their pore structure and surface area under milder synthesis conditions and lower HMDST 

levels, and the loss of surface area and pore structure at the higher synthesis temperatures or 

loading levels appears to be due to a combination of temperature effects and possible presence 

of residual HMDST or its decomposition products in the pore channels. 
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Figure 5.2: X-ray powder diffraction pattern at low angles for pristine m-TiO2 (red) and composites made using 

1.5 mL (blue), 2.5 mL (purple), 3.5 mL (black) of HMDST at 150 °C 

 

In order to fully assess the degree or post-synthesis retention of mesoscopic order, low-angle 

powder X-ray diffraction (PXRD) experiments were conducted. The results for composites 

synthesised using different quantities of HMDST at 150 °C are shown in Figure 5.2, while the 

patterns for materials synthesised at different heating treatment temperatures are shown in 

Figure 8.26 For all materials synthesised at 150 °C there is a broad reflection at approximately 

1-2° 2θ. This reflection at similar intensity is also observed in pristine m-TiO2 and is diagnostic 

of a wormhole pore structure as demonstrated in previous work.[164,250] The patterns for 

materials synthesised with different heating temperatures (Figure 8.26) also display this 

reflection, however there is a slight decrease in the reflection intensity relative to the pristine 

sample indicating some degree of structure loss. This data confirms that the mesostructure is 

largely retained upon completion of the synthesis, and that pore filling and increase in weight 

are likely the cause behind the significantly lower surface areas derived from the nitrogen 

adsorption data.  
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Figure 5.3: Thermogravimetric analysis (blue) and differential thermal analysis (red) plots for the composite 

made with (a) 1.5 mL (b) 2.5 mL and (c) 3.5 mL of HMDST 150 °C  

 

In order to probe the amount of residual organic matter in the pores of the materials suggested 

by the XRD and nitrogen adsorption data, the TGA/DTA data for composite materials made 

using various amounts of HMDST are shown in Figure 5.3. Looking at the TGA and DTA 

plots for samples made using various amounts of HMDST. The sample synthesised at 150 °C 

using 1.5 mL of HMDST produces an endothermic peak up to 300 °C. The sample made from 

3.5 mL produces a small endothermic peak up to 200 °C. However the sample synthesised 

using 2.5 mL failed to produce an endothermic peak, instead producing a line with no 

significant changes at exothermic values up to 250 °C. Mesoporous transition metal oxides 
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typically show an initial endothermic weight loss up to 200 °C caused by the loss of residual 

solvents present within the sample. After a temperature of 250 °C is reached, all materials show 

a sharp increase towards positive values in the DTA plot typically indicating the start of the 

exothermic process in these samples.[250,274] The weight loss between 0-250 °C can be used to 

determine the losses of residual solvent within the samples. These losses were 9, 2 and 10 wt% 

for samples made using 1.5 2.5 and 3.5 mL of HMDST, respectively. The second region of the 

plot between 250-700 °C corresponds to the combustion of the organic content within the main 

sample producing a large exothermic peak as seen in our previous work.[236] Composites 

synthesis using 1.5, 2.5 and 3.5 mL of HMDST lost 8, 13 and 15 wt% respectively. These 

results indicate that with increased amounts of HMDST the residual organic content of the 

material increases as expected from the higher concentration of Ti-S-Ti or Ti-S-Si(CH3)3 

groups present on the surface after reaction.  

 

The data for composites synthesised using a variety of different heating treatments (Figure 

8.27, 5.3(b) and 8.28) shows an endothermic region between 0-250 °C which produces losses 

of 6, 10 and 9 wt% before going on to lose a further 13, 15, 17 wt% in the exothermic region 

for samples synthesised using 3.5 mL of HMDST at 100, 150 and 200 °C respectively. These 

data show that higher loading levels of reagent results in increased organic content in all 

samples, and that higher heating temperatures also leads to more organic incorporation, further 

corroborating the results from the nitrogen adsorption and XRD, suggesting that loss of surface 

area results from pore filling of the materials due to incomplete reaction of the HMDST to 

produce some surface Ti-S-Si(CH3)3 groups in addition, possibly, to the desired Ti-S-Ti 

linkages needed for enhanced conductivity. 

 

FTIR studies were carried out on all materials with spectra shown in Figures 8.29 to 8.36, 

additionally the spectrum for the reagent HMDST (Figure 8.29) is added to assist in assigning 

bands in the composite samples. In the spectrum for neat HMDST there are a number of 

diagnostic peaks situated at 2950-2800 cm-1 (aliphatic C-H stretch), 1250 and 800-850 cm-1 

(Si-CH3 stretches).[275][276] The spectrum of the mesoporous oxide host shows strong residual 

water stretches at 3200 cm-1 and 1600-1650 cm-1, in addition to a weaker stretch situated at 

800-820 cm-1. As expected, these stretches are also observed in the spectrum of the sample in 

which HMDST has been mixed with the host material before heating, all diagnostic stretches 
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still clearly visible with the strongest indicator being the stretches at 2800-2950 cm-1, as there 

are no stretches in these regions for the host material.  

 

In the first set of synthesised samples, with increasing HMDST content, the size of the aliphatic 

C-H aliphatic stretch at 2850-3000 cm-1 increases with increasing HMDST loading, but is in 

every case smaller than in the spectrum of the material before heating. This is further evidence 

that despite multiple washings and heating treatments in vacuo there is still a significant amount 

of organic content within the material, most likely due to Ti-S-Si(CH3)3 groups within the 

structure, in place of the desired Ti-S-Ti bonds. The second group of samples shows that with 

increased heat treatment temperature, the signal intensity increase further, likely due to the 

increase in the number of Ti-O centers reacting with the reagent. Once again, this suggests that 

loss of surface area in the samples loaded at 3.5 mL and 200 °C is due to pore blockage by 

incompletely converted Ti-S-SiC(CH3)3 moieties and that steric constraints between these 

groups and proximal Ti-OH groups prevent further reaction. 

 

XPS was carried out on composite samples to determine the number and oxidation states of the 

sulfur species present after the doping procedure. Baseline corrected XPS spectra for materials 

made using different amounts of HMDST at a temperature of 150 °C are displayed in Figure 

5.4 with samples synthesised using 3.5 mL and different temperatures in Figure 5.5. In the 

sulfur 2p3/2 region appears within the region of 165 – 174 eV, typically indicative of S4+ and 

S6+ species such as sulfates and sulfonates (SO4
2- and RSO3

-). These emissions demonstrate the 

successful incorporation of sulfur into the material after completion of the synthesis, however 

they do not provide any evidence for the S2- state (162 eV) expected for TiS2.
[277] These species 

are similar to the those observed in sulfur doped TiO2 materials made using thiourea (169.5 

eV).[278,279] These S4+ and S6+ species are unexpected as all syntheses carried out in the absence 

of oxygen, suggesting that the samples may have been oxidised during XPS analysis. Precise 

assignment of surface species is thus difficult, however it is still possible to identify the 

presence of two distinct sulfur species within the spectra. Peak fitting shows the presence of a 

single emission in the sample made using 1.5 mL at 169.0 eV. Since this loading level is 

associated with the lowest amount of residual hydrocarbon, this emission likely originates from 

the reaction of HMDST with adjacent surface OH groups to produce Ti-S-Ti species, which 

later become oxidised. As the amount of HMDST increased to 2.5 mL and 3.5 mL a new 

emission is visible within the fitted spectra at 170.3 eV, indicative of a S4+ or S6+ species.[280] 
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Since these higher loading levels are associated with higher levels of residual hydrocarbon, it 

is likely that this new emission is related to surface sulfur species with trimethylsilyl groups 

unable to undergo a second reaction step with neighbouring Ti-OH groups. The most likely 

reason is the limited concentration of OH groups present on the material’s surface leading to 

incomplete reaction with higher loading levels of HMDST. This limiting reagent effect of 

surface hydroxyl species has been demonstrated in previous studies with dangling benzyl 

titanium fragments on mesoporous silica.[281]  

 

Figure 5.4: Peak fitting of sulfur 2p3/2 region of XPS of composites synthesised using 1.5 mL (a), 2.5 mL (b) 

and 3.5 mL (c) of HMDST at temperatures of 150 °C  
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The XPS of the materials synthesised using 3.5 mL of HMDST at 100 °C, 150 °C and 200 °C 

are shown in Figure 5.5. All samples exhibit emissions at 168.9 and 170.4 eV in relatively 

similar ratios, again establishing the presence of S6+ and S4+ states within each material. The 

presence of two sulfur species at high dopant concentrations are again consistent with 

incomplete reaction at the surface caused by oversaturation of the surface OH groups with 

HMDST leading to residual TMS groups attached to sulfur on the surface. Once the Ti-S-Ti 

and Ti-S-Si(CH3)3 groups are formed they later become oxidised during XPS analysis to form 

the two higher oxidation state species.  

 

 

Figure 5.5: Peak fitting of sulfur 2p3/2 region of XPS of composites synthesised at (a) 100 °C, (b) 150 °C (c) 

200 °C with 3.5 mL of HMDST  
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To further explore the morphology and pore structure of the composites, scanning and 

transmission electron microscopy (STEM) was carried out on all materials. Figure 5.6 shows 

SEM images taken at low magnification demonstrating the powder morphology of the 

composites in the form of large grain like clusters. Similar images are typically obtained for 

amine template materials and can also be seen in the starting material (Figure 5.6(f)).[236] 

 

Figure 5.6: SEM SE images of composite made using (a) 1.5 mL(100 kx) , (b) 2.5 mL (200 kx), (c) 3.5 mL 

(500 kx) of HMDST at 150 °C, composites synthesised at (d)100 °C (500 kx), (e)200 °C with 3.5 mL (200 

kx).of HMDST and the starting material (f) m-TiO2 (250 kx) at low magnification 

 

 

Figure 5.7: SEM SE images of composite made using (a) 1.5 mL (700 kx), (b) 2.5 mL (900 kx), (c) 3.5 mL (1 

Mx) of HMDST at 150 °C, composites synthesised at (d)100 °C (1 Mx), (e) 200 °C (700 kx) with 3.5 mL of 

HMDST and the starting material (f) m-TiO2 (1.8 Mx) at intermediate magnification 
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When the magnification is increased (Figure 5.7) the SEM images allows us to observe that the 

ca. 2 nm amorphous pore structure of the materials remains present after completion of the 

synthesis procedure. The confirmation of pore structure retention after doping corroborates 

with the BET and XRD data. This supports the conclusion that the decrease in surface area 

comes from an increase in surface sulfur species concentration within the pores rather than 

pore collapse caused by the synthesis procedure.  

 

 

Figure 5.8: TEM HAADF images of composite made using (a) 1.5 mL (4 Mx), (b) 2.5 mL (1.8 Mx), (c) 3.5 mL 

(3 Mx) of HMDST at 150 °C, composites synthesised at (d) 100 °C (1.8 Mx), (e) 200 °C (7 Mx) with 3.5 mL of 

HMDST and the starting material (f) m-TiO2 (4 Mx) at highest magnification 

 

The highest magnification TEM images shown in Figure 5.8 allow us to observe the pore 

structure more closely and determine the extent of crystallinity of the composites. All samples 

demonstrate that the materials remain predominantly amorphous with a disordered wormhole 

pore structure. These observations are in close agreement with what has been reported 

previously for this class of materials.[274]  

 

5.3.2. Electrochemical Analysis 

In order to study the effects of the sulfur doping on the conductivity of the materials, 

electrochemical impedance spectroscopy (EIS) experiments were carried out on all materials. 

All impedance measurements were all carried out over the frequency range from 100 KHz to 

0.01 Hz using a two electrodes setup prior to the initial discharge, using a biased potential 
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equivalent to that of the open circuit potential of the cell, all open circuit potential values are 

listed in the figure captions. The Nyquist plots of materials can be split into three different 

sections. First, the high frequency region to the far left of the plot which is used to determine 

the electrolyte resistance of the cell (Rel), this is obtained from the x axis intercept. As the 

frequency decreases the plot forms a partial semicircle, which is used to calculate the charge 

transfer resistance (Rct) by determining the second x axis intercept, the value of the electrolyte 

resistance is then subtracted from this value. The lowest frequencies to the far right of the plot 

forms a linear section which is used to assess the Li+ diffusion process also known as the 

Warburg impedance (W). The value to compare the conductivity in solid state electrodes is that 

of Rct. Using modelling software it is possible to calculate the values for these different 

properties which are used to compare the materials. The Nyquist plots for pristine m- TiO2 and 

composites made using different quantities of HMDST are shown in Figure 5.9. The Rct values 

of composite materials using 1.5, 2.5 and 3.5 mL at 150 °C were 77, 80 and 25 Ω, respectively. 

All samples produced significantly smaller Rct values than that of the starting material m-TiO2 

(189 Ω). The decrease in the size of Rct indicates that the reaction with HMDST has produced 

a noticeable improvement in conductivity with the largest quantity (3.5 mL) producing the 

biggest improvement, thus indicating that using more dopant leads to the largest improvement 

in conductivity.  

 

Figure 5.9: Nyquist Plot over the frequency range from 100 KHz to 0.01 Hz using a two electrode setup, using 

biased potentials equivalent to the open circuit potential of the cell, m-TiO2 at 2.309 V vs Li/Li+ (red), 

composites made using 1.5 mL at 2.428 V vs Li/Li+ (blue), 2.5 mL at 2.405 V vs Li/Li+ (purple), 3.5 mL at 

2.394 V vs Li/Li+(black) of HMDST at temperatures of 150 °C 
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 The Nyquist plots for samples synthesised at different temperatures are shown in Figure 8.37. 

Samples made using 3.5 mL of HMDST at 100, 150 and 200 °C produced values of 103, 25 

and 33 Ω, respectively. These results show that as temperature is increased to 150 °C the 

conductivity improves. Further increases in temperature to 200 °C produced a slight drop in 

conductivity but this value was still significantly higher than that of the host material. Since 

conductivity is most likely due to increased Ti-S-Ti moieties on the surface it appears from the 

data that the higher synthesis temperature forces reaction with extra HMDST. However, by 

crowding the surface these additional Ti-S-Si(CH3)3 groups are unable to be converted to Ti-

S-Ti bridges and have an adverse effect on diffusion and conductivity.  

 

Using the Warburg impedance at the low frequency region of the Nyquist plot, it is possible to 

assess the effects of sulfur doping on the Li+ diffusion properties of the material by comparing 

the Li+ diffusion coefficients, which can be calculated using Equation 5.1 

 

Equation 5.1  D = (R2T2) / 2A2n4F4C2σ2 

 

Where D is the lithium diffusion coefficient(cm2 s-1), R is the gas constant (8.314 MPa cm3 

mol-1 K-1), T is the absolute temperature (298 ºK), A is the contact area of the electrode (π x 

0.752 (cm2)), n is the number of electrons involved in the redox reaction, F is Faradays constant 

(96485 C mol−1), C is the concentration of Li+ in the electrolyte (1 mol cm-3) and σ is the 

Warburg factor(Ω s-1/2).  

 

Warburg factor is calculated by using Equation 5.2 using the low frequency region of the 

Nyquist plot.  

 

Equation 5.2  Zre = Rct + R1 + σω-½ 

 

Where ω is the frequency and Zre is the real impedance. This relationship between the 

frequency and the real impedance of the material can be used in a straight line equation, from 

which the gradient of the line provides the value for the Warburg factor. 

 

The plots for Warburg factor can be seen in Figures 5.10 and 5.11. The differences in gradient 

(σ) represent differences in the diffusion coefficient values. As these cathode materials have 
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no Li+ present prior to initial discharge the diffusion coefficients are directly proportional to 

the change in the Warburg factor. Looking first at composites made using different amounts of 

HMDST, the σ values for mesoporous TiO2 was calculated at 38.04 Ω s-1/2 which became 

26.36, 31.98 and 16.7 Ω s-1/2 for composites made using 1.5, 2.5 and 3.5 mL of HMDST 

respectively. Then using these values in Equation 5.2 this provides the Li+ diffusion coefficients 

of 7.83 x 10-18 cm2 s-1 for mesoporous TiO2 changing to 1.63 x 10-17, 1.11 x 10-17 and 4.06 x 

10-17 cm2 s-1 for composites made using 1.5, 2.5 and 3.5 mL of HMDST respectively. This 

produces respective ratios of (1.0):(2.08):(1.42):(5.19) for m-TiO2, 1.5, 2.5 and 3.5 mL of 

HMDST, respectively. The ratios show that the Li+ diffusion capability of the materials being 

3.5>1.5>2.5>m-TiO2 similar to the results seen for Rct analysis. The best material possesses a 

diffusion coefficient >5 times that of the starting material. These values are a similar in 

magnitude to the results that were seen in Chapter 2, and are slightly lower than those seen for 

previously reported TiO2 materials (1x10-15 – 1x10-17 cm2 s-1).[31,92,258] 

 

 

Figure 5.10: Plot of real impedance vs reciprocal square root of frequency for pristine m-TiO2 (red), and 

composites made using 1.5 mL (blue), 2.5 mL (purple), 3.5 mL (black) of HMDST at 150 °C 

 

When progressing on to the investigation of different heating treatment temperatures the 

Warburg factors were calculated to produces values of 34.11, 16.70 and 54.59 Ω s-1/2 for 

composites made at 100, 150 and 200 °C respectively. Then using these values in Equation 5.2 

this provides the Li+ diffusion coefficients of 9.74 x 10-18, 4.06 x 10-17 and 3.80 x 10-18 cm2 s-1 

for composites mate at 100, 150 and 200 °C respectively. This produces respective ratios of 
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(1.0):(1.48):(5.19):(0.49) for m-TiO2, 100, 150 and 200 °C, respectively. As temperature 

increases to 150 °C the diffusion coefficient improves. However when heating to 200 °C the 

diffusion coefficient drops significantly to half of that of the initial host material, and 1 order 

of magnitude lower than that of the best material. These results show that despite improving 

conductivity, the diffusion capabilities of the material decrease at temperatures above 150 °C. 

This is consistent with the pore blockage caused by excess surface Ti-S-(CH3)3 groups.  

 

Figure 5.11: Plot of real impedance vs reciprocal square root of frequency for pristine m-TiO2 (red), and 

composites synthesised at 100 °C (blue), 150 °C (purple) and 200 °C (black) with 3.5 mL of HMDST 

 

Cyclic voltammetry was carried out on all samples at a variety of different cycle rates between 

0.5 to 5 mVs-1 to assess the electrochemical nature of the materials when undergoing redox 

reactions between Ti4+/Ti3+ states according to the reaction shown in Equation 5.3. 

 

Equation 5.3 

 

 

Looking at the effects of the amount of HMDST used, the best comparison between materials 

is most clearly demonstrated at the highest scan rate of 5 mVs-1 (Figure 5.12). The materials 

show increases in current proportional to the sweep rate used, which is indicative of a capacitive 

response. All materials show very broad oxidation and reduction peaks across a wide potential 

window, a phenomenon commonly observed in amorphous materials. With the exception of 

the sample synthesised using 1.5 mL of HMDST, which shows a slight peak shape at around 
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1.6 V, all the materials show no clearly resolved peaks on the reduction scan. The oxidation 

scan displays a decrease in current at higher potential to produces a very broad peak shape. As 

the amount of HMDST used increases, the centre of oxidation peaks shifts towards a lower 

potential, which reduces the charge separation between the reduction and oxidation processes. 

This results in a reduction in the overpotential, a change indicative of improved charge transfer 

kinetics.[282] However, the composite made using 3.5 mL of HMDST does not shift to a lower 

potential, but instead shows a more redox active peak shape than the other composites. Cyclic 

voltammetry measurements of this material at a variety of different scan rates are shown in 

Figure 5.13 (other samples are presented in Figure 8.38 to 8.40).). These data indicate an 

improvement in conductivity due to the improved charge transport of the materials and 

corroborates with the EIS data analysis, which shows that as the amount of HMDST increases 

the current response decreases. This is caused by increase in weight of material and filling of 

the pores reducing the current produced per gram of active material and indicates a likely drop 

in capacity. The data thus demonstrates that excess heat and HMDST cause pore blockage and 

reduction in performance due to build up of Ti-S-(CH3)3 groups on the surface at the expense 

of Ti-S-Ti moieties to observe a similar trend. 

 

Figure 5.12: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 5 

mVs-1 for m-TiO2
 (red), composites made using 1.5 mL (blue), 2.5 mL (purple), 3.5 mL (black) of HMDST at 

temperatures of 150 °C 
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Figure 5.13: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of composite made using 1.5 mL of HMDST at 150 °C at 0.5 mVs-1 (blue), 1mVs-1 (purple), 

2 mVs-1 (black) and 5 mVs-1 (red) 

 

Initially the shape of the voltammogram becomes slightly more resolved using temperatures of 

100 °C before becoming more resolved for samples made above 150 °C. The most resolved 

peak being that of the composite made at 150 °C with 3.5mL of HMDST. As the heat treatment 

temperature is increased, the size of the current produced decreases significantly for the sample 

made using temperatures >100 °C. These results agree with the BET data which showed 

significant decrease in surface area at temperatures >100 °C, indicating that this dramatic 

decrease in active surface area is the reason for this drop in the quantity of current produced. 

The cyclic voltammetry of other composites is presented in Figure 8.41 and 8.42 

 

Chronopotentiometry (charge discharge analysis) was carried out to assess the respective 

capacitates of each composite material in addition to the stability of the material over a period 

of 50 charge cycles. All assessments were carried out at a current density of 1 mA.cm-2 and the 

data for the composite materials synthesised using different quantities of HMDST is shown in 

Figure 5.14. Composites synthesised at 150 °C using 1.5, 2.5 and 3.5 mL of HMDST possessed 

initial capacities of 111, 96 and 59 mAh/g which decreased over the course of 50 cycles to 

values of 60, 64 and 48 mAh/g, respectively. These results are compared to m-TiO2, which has 

an initial capacity of 137 mAh/g and drops to 45 mAh/g after cycling. These results 
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demonstrate that although the conductivity of the composites is higher than that of the starting 

material, the initial capacities decrease, with the largest decreases observed with the use of 

higher amounts of HMDST. This is likely due to the increase in the weight and loss of surface 

area caused by increased hydrocarbon content and pore blockage, as confirmed by nitrogen 

adsorption and TGA analysis. It is also noticeable that over the course of 50 cycles, as the 

amount of HMDST used increases, the cycle stability of the material also increases, with 

capacity retentions of 54, 62 and 81% for composites synthesised using 1.5 2.5 and 3.5 mL, 

respectively, compared to 33% for the starting material (Figure 8.43) This is the result of the 

improved conductivity and slight improvement to Li+ diffusion coefficients demonstrated in 

the EIS analysis.  

 

 

Figure 5.14: 50 Cycles discharge capacity data for m-TiO2 (red), composites made using 1.5 mL (blue), 2.5 mL 

(purple) and 3.5 mL (black) of HMDST at temperatures of 150 °C 

 

The cycle data for materials synthesised using 3.5 mL of HMDST at different heating 

temperatures is shown in Figure 5.15. The initial capacities are 101, 60 and 42 mAh/g, 

decreasing to 77, 48 and 30 mAh/g for composites made at 100, 150 and 200 °C, respectively. 

These results indicate that with the same amount of reagent, the performance is influenced by 

the heating treatment temperature. All materials possessed lower initial capacities than the 

starting material, and by increasing the temperature leads to a larger decrease in the initial 

capacity. This is in close agreement to the surface area data which demonstrates that loss of 

surface area leads to a decrease in capacity performance of the material. All materials possess 

good capacity retention as can be seen in Figure 5.16. The final capacity retention values are 
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76, 81 and 72% for composites made at 100, 150 and 200 °C, respectively. This compares to 

35% for the pristine material, demonstrating that S-doping dramatically improves the cycling 

retention of the materials, which show only a small decrease in performance after an initial 

drop over the first three cycles.  

 

 

Figure 5.15: 50 Cycles discharge capacity data for m-TiO2 (red), composites made using 100 °C (blue), 150 °C 

(purple) and 200 °C (black) with 3.5 mL of HMDST 

 

Figure 5.16: 50 Cycles discharge capacity retention data for m- TiO2 (red), composites made using 100 °C 

(blue), 150 °C (purple) and 200 °C (black) with 3.5 mL of HMDST 
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5.4. Conclusions: 

By exploring the use of HMDST under a number of various synthesis conditions, we 

successfully synthesised high surface area titanium oxysulfides to improve electron 

conductivity without the loss of mesostructure and porosity. While incomplete reaction to 

surface S-Ti-S moieties hindered ultimate performance by leaving diffusion-obstructing 

organic residue anchored to the surface, the conductivity of the materials improved 

significantly with the use of larger amounts of HMDST up to 3.5 mL demonstrated from the 

reduction of Rct from 189 to 25 Ω. Increasing synthesis temperature up to a peak of 150 °C 

improves the conductivity before dropping off at 200 °C. Despite improvements to 

conductivity, the materials lose surface area with increased amounts of HMDST reagent due 

to anchored Ti-S-(CH)3 groups, dropping from 660 – 66 m2/g. This loss in surface area lead to 

the loss of Li+ storage capabilities with initial capacities dropping from 137 to 48 mAh/g from 

0 – 3.5 mL of HMDST, in addition to reduction in capacity for higher heating temperatures. 

Composite materials showed improved capacity retention over the course of 50 cycles. With 

the best battery material proving to be the composite made with 3.5 mL of HMDST at 100 °C, 

retaining most of the hosts initial capacity at 111 mAh/g while also possessing the highest final 

capacity of 77 mAh/g. While further improvements in synthesis may lead to even better 

performance pay-offs by increasing the concentration of surface Ti-S-Ti units while 

minimising pore blockage by organic residues, the current protocol appears to be a useful 

strategy in improving cycle life and retaining peak performance in amine-templated 

mesoporous transition metal oxides, which have up to now shown disappointing 

electrochemical performance due to low conductivity and loss of activity on cycling. 
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Chapter 6 : Vanadium Hydride Gels for Use in Energy 
Storage 

 

6.1 Introduction 

Homoleptic hydrides of the first row transition metals[283] represent a new frontier in energy 

storage because of their low molecular weight, electrochemical flexibility, a feature that can be 

exploited in energy storage. The transition metal dihydrides, MH2 (M= Cr,[284] Mn,[285] Fe,[286] 

Co, and Ni[287]) and trihydride of the form MH3 (M= Ti[288]) have been observed as molecular 

species using matrix isolation techniques at cryogenic temperatures but have previously never 

been isolated in bulk form. Because of the low cost (ca. 15-20 USD/kg) and importance in 

battery materials, the development of general synthetic routes into vanadium hydrides would 

represent an important advance. Metallic vanadium reacts with hydrogen at room temperature 

and atmospheric pressure to give non stoichiometric monohydrides up to VH0.9. Higher 

hydrides of vanadium (VH~1.6) were prepared by Maeland et al using electrolytic 

techniques.[289] Later the dihydride, VH2 was formed by reaction of vanadium with 6.9 bar 

hydrogen at 450 °C but this was found to be unstable at room temperature.[290] From the 

standpoint of electrochemical energy storage the synthesis of higher oxidation state vanadium 

hydrides is important because of the greater electron per mole capacities than the lower 

oxidation state species, however to the best of our knowledge a higher hydride such as a VH4 

species has never previously been isolated or characterised.  

 

Previous research into battery materials has shown that transition metal compounds perform 

well as cathode materials for Li+ batteries. This is particularly true for light weight high 

oxidation state vanadium materials as shown by the relative performance of V2O5.
[291,292] The 

lower oxidation state vanadium materials such as VO2 and V2O3 have also shown potential 

with initial capacities of >150 mAh/g.[293–295] Related vanadium hydride materials could have 

significant potential as a lithium battery cathode material as they would possess a number of 

vanadium centers in the V(IV) or V(III) oxidation states, providing the capacity for lithium 

insertion, and because the hydride ligands are considerably lighter than the oxygen present in 

traditional vanadium oxides, affording higher electron per gram energy storage numbers. 

Fabricating these materials in a nanocrystalline form would be of added benefit because of the 

potential for pseudocapacitance,[27] which uses a similar mechanism to that of traditional bulk 

phase materials, however the vast majority of the redox centers are situated near the surface. 
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This significantly improves the charge transfer kinetics due to more facile redox reactions and 

shorter diffusion path lengths allowing the easier release of ions.[27,31] This is highly desirable 

as it allows the material to possess the high energy densities seen in bulk insertion materials, 

but in addition possesses a higher power density due to the materials ability to release charge 

faster than with bulk materials. 

 

6.2 Experimental  

General 

All chemicals were purchased from Sigma-Aldrich and used without further purification. 

Manipulations were performed in an argon glove box or on a nitrogen Schlenk line. Reactions 

with hydrogen were carried out in the solid state using a stainless steel PARR hydrogenation 

vessel. Grade 6 hydrogen purchased from Air Liquide was used for synthesis and isotherms. 

 

6.2.1. Syntheses 

Preparation of Tetraphenyl Vanadium(IV)  

By analogy to Wilkinson's synthesis of tetrakis(trimethylsilylmethyl) vanadium from VCl4 and 

the alkyl lithium,[296] phenyllithium (50 mmol, 25 mL of a 2.0M solution in dibutylether) was 

stirred at room temperature. To this (2.03 mL, 12.5 mmol) of VCl4 was added drop wise via a 

syringe. The reaction mixture turned dark brown in color, increased in temperature and bubbled 

vigorously. The reaction continued stirring for fifteen minutes until it had stopped bubbling 

and had cooled back to room temperature. The reaction was filtered to give a dark brown 

precipitate and brown filtrate. Because of the well-documented thermal instability of 

homoleptic alkyl complexes of vanadium,[297] the tetraphenyl vanadium (IV) complex was not 

isolated, but used immediately in the next synthesis protocol described below. 

 

Preparation of Vanadium Hydride Gel 

 The filtrate was immediately transferred to the PARR pressure vessel and was stirred under an 

inert atmosphere of argon for 48 hours at 100 °C. The reaction was filtered to give a black 

precipitate. The precipitate was dried in vacuo for four hours at 100 °C to afford a fine black 

powder (V(IV)-100) (728 mg). The black powder was hydrogenated in the PARR vessel at a 
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pressure of 70 bar H2 for 48 hours at 25 °C. The material was then dried in vacuo for 4 hours 

at 100 °C and allowed to cool to room temperature to give a black powder (V(IV)-25C-H2) 

(109.3 mg).  

 

6.2.2. Characterisation 

Infrared spectroscopy was conducted on a Perkin Elmer Spectrum RX1 using KBr. Prior to 

analysis the IR grade KBr was oven dried overnight at 120°C to remove residual water. A blank 

sample of KBr was ground in an oven-dried pestle and mortar in the glovebox and then 

compressed in air to form a disc. A background was taken of the blank KBr disc. 

Approximately 5 mg of sample was ground with 200 mg KBr in the glovebox and then 

compressed in air quickly to form a disc. The spectrum of KBr was subtracted from the IR of 

the sample. Nitrogen adsorption and desorption data were collected at -196 °C on a 

Micromeritics ASAP 2020. A fluid (xylene) displacement method was used 25 °C to measure 

the density of the material. The PXRD spectrum was taken using a Bruker Discover 

diffractometer with a Vantec 500 2D detector using Co Kα radiation. The X-ray beam was 

limited using a 0.2 mm collimator. The X-ray spectrum was taken using a Bruker DaVinci 

diffractometer with Cu Kα radiation. The XPS analysis was performed using a PHI-5500 

spectrometer using monochromated Al Kα radiation. The positions of the peaks were 

referenced to surface C-C or C-H bound at 284.8 eV. The powder was placed on the XPS holder 

inside an Ar glove box and transferred under Ar to the XPS intro chamber without any exposure 

to air. For insulating materials, an electron-flooding gun was used to compensate the surface 

charges. The different chemical contributions for each spectrum were obtained using CasaXPS. 

The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried 

out in a STA 449C analyser from Netzsch under a flow of dried air at 10.00 °C/min up to 650 

°C. Argon was also used to protect the balance section.  

 

6.2.3. Electrochemistry 

All electrochemical analysis was performed with a Princeton Applied Research VersaSTAT 

using a cell constructed within an argon filled glove box to ensure minimal exposure to oxygen. 

Electrochemical performance of the synthesised electrode materials as a Li+ battery electrode 

was assessed using a two electrode set up. Working electrodes of V(IV)-25C-H2 and VO2 

consisted of 80% active material, 10% super conducting carbon black, and 10% 
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polyvinylidenefluoride (PVDF) by weight. The electrode paste was made by grinding the active 

material with carbon black to ensure a good mixture of the powders. The powders were then 

stirred with PVDF and n-methyl-2-pyrrolidinone (NMP) solvent until a homogenous paste was 

formed. The paste was spread onto copper foil (current collector). The electrode was dried by 

first heating to 80 °C to bake off any excess NMP solvent before increasing the temperature to 

120 °C overnight to allow the electrode material to bind with the current collector. Once 

completed, the electrodes were punched using a Hohsen electrode punch to produce uniform 

sized discs of 15 mm. The respective counter electrode of lithium metal foil was also punched 

into a 15 mm disk. The electrolyte used in this investigation is 1.0 M LiPF6 dissolved in 

ethylene carbonate (EC) and diethyl carbonate (DEC) solutions at a ratio of 1:1 by volume.  

 

The cell potential window used for these tests was between 1-3.2 V vs. Li/Li+. The cyclic 

voltammetry measurements were carried out at scan rates of 0.5, 1, 2 and 5 mVs-1. The initial 

potential of the scan was determined by the open circuit potential the cell (typically 2.5-2.55 V 

vs Li/Li+) with the initial scan direction being directed in the reduction direction towards a 

lower potential limit (1 V vs Li/Li+) with cycles being completed once the final reduction sweep 

reaches the starting potential of the cycling process. Galvanostatic charge discharge data was 

recorded at a current density of 1 mA.cm-2. All measurements were carried out at room 

temperature using a Hohsen HS flat cell.  

  

6.2.4 Electrochemical Impedance Spectroscopy 

Electrochemical AC impedance spectra were obtained using the same two electrode Li+ battery 

cell set up using the active material as the active electrode and a lithium metal foil as the counter 

electrode. Measurements were applied using a sine wave with amplitude of 5 mV over the 

frequency range from 100 KHz to 0.01 Hz. Measurements were carried out prior to the initial 

discharge of the cell, using a biased potential equivalent to that of the open circuit potential of 

the cell, this was necessary in order to remove the influence of polarisation on the values of 

conductivity that are produced. 
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6.3 Results and Discussion 

6.3.1Materials Characterisation 

In this Chapter the synthesis of a multivalent vanadium hydride gel and its properties as an 

energy storage material. To prepare the non-stoichiometric vanadium hydride gel, VCl4 was 

reacted with phenyllithium in dibutyl ether and the subsequent mixture was filtered to give a 

black solution. The solution was placed immediately in a stainless steel pressure vessel and the 

reaction was stirred at 100 °C for 48 hours. The reaction was filtered to give a black precipitate 

which was dried in vacuo at 100 °C for four hours to afford a black air moisture sensitive solid 

(V(IV)-100). The summery of the proposed reaction mechanism is shown in Scheme 6.1, we 

presume that during heat treatment the vanadium alkyl precursor polymerises via a bimolecular 

C-H activation process with loss of benzene to form a metal containing polymer with bridging 

phenyl groups. An alternate decomposition route would involve some combination of 

disproportionation and bond homolysis to form two equivalents of biphenyl and V metal. 

However the IR evidence discussed below shows hydrocarbon in the polymer, supporting our 

assignment as an organometallic polymer. The material V(IV)-100 was then treated with 

hydrogen at 70 bar for 48 hours at 25 °C to give sample V(IV)-25C-H2. In this step, it is 

proposed that the bridging phenyl ligands are replaced with bridging hydrides via 

hydrogeneolysis to form a polymeric vanadium(IV) hydride material. Physical characterisation 

and hydrogen storage measurements have been carried out on each sample. 

 

Scheme 6.1: Proposed mechanism for the synthesis of vanadium(IV) hydride 

 

Infra-red spectroscopy was used to determine the reduction in hydrocarbon content of each 

material by looking at the intensity of the C-H stretch in the 2900–2960 cm-1 region. The infra-

red spectra of V(IV)-100 and V(IV)-25C-H2 are shown in Figure 6.1. For V(IV)-100 there are 

C-H stretches at 2958, 2919 cm-1 and 2868 cm-1. The intensity of the C-H stretches decrease 

slightly after room temperature hydrogenation at 70 bar as the hydrocarbon ligands are replaced 
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by hydrides during hydrogeneolysis. Typically transition metal-hydride bonds come in the 

region of 1900±300 cm-1. However they can be weak in intensity and appear lower in the case 

of bridging.[298] There is a stretch in this region at 1633 cm-1 for V(IV)-25C-H2 with a shoulder 

at 1575 cm-1. In KBr, water displays bands at 3300 and 1647 cm-1, therefore the V-H stretch in 

the spectrum of V(IV)-25C-H2 at 1575-1633 cm-1 is possibly obscured by an O-H stretch from 

water absorbed by the KBr disc during the transfer from the glove box to IR apparatus. 

 

 

Figure 6.1 Infrared spectra of V(IV)-100 (blue) and V(IV)-25C-H2 (red) 

 

Nitrogen adsorption-desorption isotherms of V(IV)-100 and V(IV)-25C-H2 are shown in 

Figures 8.45 and 8.46 respectively. The surface area of VH-100 is 0.6 m2/g. After 

hydrogenating this material in the solid state at 150 °C the surface area of VH-150 increases to 

2.2 m2/g. The increase in surface area could be due to loss of hydrocarbon from the material 

new pathways in the material. In both materials the nitrogen adsorptions can be described as 

type II in nature. There is no significant increase in slope between 0 and 0.1 P/P0 indicating 

that there is no microporosity in both materials. The low surface area and lack or porosity 

differs from those of the CrH3 
[299] and TiH3 

[300] materials synthesised previously using similar 

strategies, these possess significant microporosity and surface areas from 300-500 m2/g, 

suggesting a more closely packed structure.  
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The PXRD pattern is shown in Figure 8.47. Apart from a low angle reflection suggestive of 

some mesoscopic order, there are some small reflections in the 25 – 35 ° region that correspond 

to the glass capillaries. The majority of the diffraction does not give rise to reflections meaning 

that the sample is largely amorphous. This is not surprising as the vanadium region of the XPS 

discussed below shows that there are multiple species of vanadium in different oxidation states 

present in the material. Thermogravimetric analysis (TGA) was carried out on V(IV)-100 and 

V(IV)-25C-H2 to determine the percentage of hydrocarbon remaining in each material after 

thermal precipitation and hydrgoeneolysis.  

 

Figure 6.2: TGA (red) and DTA (blue) curves of (a) V(IV)-100 and (b) V(IV)-25C-H2 
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The TGA and DTA curves of V(IV)-100 and V(IV)-25C-H2 are shown in Figure 6.2. For 

V(IV)-100, as the temperature increases from room temperature to 563 °C the mass of the 

sample decreases by 27.5%, due to the combustion of remaining phenyl ligands in the material. 

This is also observed in the DTA curve where there is a broad peak centered at 548 °C. After 

563 °C the percentage mass of the material then stabilises. After solid state hydrogenation, the 

TGA plot of V(IV)-25C-H2 shows that as the temperature of the sample increases from 0-572 

°C the mass of the sample decreases until it reaches a plateau. The loss of sample decreases 

more rapidly between 0-376 °C where an exotherm is observed in the DTA plot centered at 

371 °C. The mass of the sample decreases less rapidly between 376-572 °C, where an exotherm 

is seen in the DTA plot centered at 564 °C. The plateau between 572-685 °C is where the mass 

of the sample stabilises with 83.7% of the original sample mass remaining. This demonstrates 

that solid-state hydrogenation indeed leads to the expected reduction in the amount of 

hydrocarbon left in the material. As the final material is still 16.3% hydrocarbon by weight, 

possibly solid-state hydrogenation for longer periods or at higher temperatures and pressures 

may be able to fully remove all the phenyl ligands and replace them with hydrides by 

hydrogeneolysis. While the exact composition of the final material cannot be determined 

precisely by elemental analysis to determine the exact molecular formula of to make V(IV)-

25C-H2 due to the formation of vanadium carbide on combustion. This data in combination 

with the synthetic pathway used is consistent with the formulation of the material as a vanadium 

alkyl hydride gel with a formula VHx-y(C6H5)y. 

 

 

Figure 6.3: Peak fitting of vanadium 2p3/2 region of XPS of V(IV)-100 
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Figure 6.4: Peak fitting of vanadium 2p3/2 region of XPS of V(IV)-25C-H2 

 

XPS was carried out to determine the oxidation state of the vanadium in both materials as 

shown for V(IV)-100 and V(IV)-25C-H2 in Figures 6.3 and 6.4 respectively. The base line 

corrected XPS are shown in Figures 8.48 and 8.49. In the vanadium 2p/3 region of V(IV)-100 

there is a broad emission centred around 517 eV. Peak fitting of this emission demonstrates 

that there are multiple oxidation states of vanadium present in the material. A vanadium (V) 

species is present at 516.9 eV. The emission for a V(V) is close to the emission of V(V) at 515 

eV for V2O5.
[301] The emission at 515.3 eV can be attributed to a V(III) species as it is close to 

the emission seen for VCl3 at 515 eV.[302] After hydrogenation of V(IV)-100 to give V(IV)-

25C-H2 there is broad emission around 512 – 516 eV as shown in Figures 6.3 and 6.4. Peak 

fitting of this emission demonstrates that there are multiple oxidation states of vanadium 

present in the material. A vanadium (IV) species is now present in the material after treatment 

with hydrogen as shown by the emission at 516.1 eV, which is likely caused by reduction 

during hydrogenation. The emission for a V(IV) is close to the emission of V(IV) at 516.3 eV 

for V2O4.
[303] The emission at 515.3 eV and 514.3 are very similar in intensity and can be 

attributed to a V(III) species as they are both close to the emission seen for V2O3 at 515.7.[303] 

This suggests that there could be two different V(III) species with slightly different 

environments which gives rise to the two emissions that are close together and of similar in 

intensity. The emission with the largest intensity is at 513.8 eV and can be attributed to a V(II) 

species as it is close to the emission at 513.9 eV seen for VS. This emission most likely 

originates from reduction by hydrogen of some of the V(III) species in V(IV)-100 to a V(II). 
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The emission at 512.2 eV can be attributed to V(0)[304] produced by some combination of 

hydrogen reduction and subsequent reduction.  

 

6.3.2 Electrochemical Assessment 

 

Figure 6.5: Cyclic voltammetry over a potential range of 1-3.2 V vs Li/Li+ standard electrode potential V(IV)-

25C-H2( red) and VO2 powder (blue) at a sweep rate of 0.5 mVs-1 

 

 

Figure 6.6: Cyclic voltammetry over a potential range of 1-3.2 V vs Li/Li+ standard electrode potential V(IV)-

25C-H2 at a sweep rate of 0.5 mVs-1 1st cycle(blue), 2nd cycle(red) and 3rd cycle (green) 
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Because V(IV)-25C-H2 contains a variety of V oxidation states the further characterisation by 

electrochemical methods and possible exploitation for energy storage of the apparent redox 

flexibility of this material is warranted. Thus, the electrochemical properties of V(IV)-25C-H2 

were assessed using a variety of electrochemical methods. The potential window for this 

material is slightly different to those previously observed for V(IV) materials as V(IV)-25C-

H2 became unstable above 3.2 V and so measurements were unable to reach the maximum 4 V 

typically used for other compounds of vanadium.[293,305] For this reason we tested a VO2 

commercial powder standard by which to compare the electrochemical behaviour. 

 

Cyclic voltammetry measurements of V(IV)-25C-H2 and VO2 were carried out at a variety of 

different sweep rates. Figure 6.5 shows the CV’s of both V(IV)-25C-H2 and the standard VO2 

powder at the lowest scan rate of 0.5 mVs-1. The low scan rate displays the most accurate 

picture of redox processes occurring within the material. Figure 6.6 above shows the first three 

cycles of the CV of V(IV)-25C-H2 measured at a 0.5 mVs-1 scan rate. The first cathodic sweep 

of V(IV)-25C-H2 shows a single broad peak in the first cathodic sweep from 2.5-1 V, 

displaying no distinct features. This is explained by the amorphous nature of the material 

confirmed by the PXRD and XPS data revealing that the material is multivalent with oxidation 

states between V(0) and V(IV). The variety of different energy levels and the amorphous 

structure of the material produce the broad peak observed rather than resolved peaks at specific 

potentials. The reference material VO2 (Figure 8.50) displays two peaks on the initial cathodic 

sweep at 2.45 and 1.7 V. The first peak is referenced as the insertion potential for Li+ insertion 

into VO2 reducing V(IV) to V(III).[293,295,305] In the first initial anodic sweep of VH-150 again 

the current produces a broad signal which can be interpreted as two broad peaks centred at 1.7 

and 2.3 V, with the addition of a more resolved peak present at 3 V. The anodic sweep of VO2 

also produces three peaks at 2.3, 2.8 and 3.05 V. The best resolved peak at 2.8 V represents 

what is normally the V(III) to (V(IV) oxidation observed in VO2 materials, suggesting the other 

peaks at 2.3 and 3.05 V in the VO2 powder most likely represent oxidations from V(II) to (VIII) 

and V(IV) to V(V), respectively. This indicates that the same transitions occur in V(IV)-25C-

H2 but at lower potential values then that of the respective oxide. The second cycle produced a 

more informative picture of the electrochemical nature of the material. The cathodic sweep of 

V(IV)-25C-H2 now displays three peaks centered at 2.7, 2.1 and 1.6 V. The first peak is well 

resolved whereas the two subsequent peaks are still broad but now show more resolved peaks 
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than previously. This is most likely due to the fact that more vanadium species are now present 

at the same oxidation state during cycling. The appearance of a small new peak at 2.85 V in 

the VO2 powder on the second cathodic sweep confirms this new peak to be the reduction back 

of V(V) to V(IV). The comparison of V(IV)-25C-H2 to the VO2 reference allows the 

interpretation that the three peaks represent successive reductions from V(V) to V(II). At 

slightly lower potential values then those of the respective oxide. This is possibly due to the 

difference in ligands in V(IV)-25C-H2 compared to the oxide in the standard, which have been 

shown to affect the redox potentials of a compound.  

 

 

Figure 6.7: Cyclic voltammetry over a potential range of 1-3.2 V vs Li/Li+ standard electrode potential at 

various sweep rates of V(IV)-25C-H2 0.5 mVs-1 (purple), 1 mVs-1 (blue), 2 mVs-1 (green) and 5 mVs-1 (red) 

 

Figure 6.7 shows the CV of V(IV)-25C-H2 taken at a variety of different scan rates and it is 

clear that the current produced is approximately proportional to increase in sweep rate as by 

doubling the sweep rate, the current produced is almost doubled. The current is directly 

proportional to the sweep rate, this is indicating of a surface limited process typically seen in 

for capacitor responses to in an increase in sweep rate. Diffusion limited process typical for 

insertion based mechanisms, typically utilised by battery materials, are proportional to the 

square root of the sweep rate.[31] 
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Figure 6.8: 50 cycles charge (red) and discharge (blue) capacity data for V(IV)-25C-H2 at 1 mA.cm-2 

 

The capacity of V(IV)-25C-H2 was assessed by galvanostatic charge discharge analysis over 

the course of 50 cycles and is shown above in Figure 6.8. V(IV)-25C-H2 has an initial capacity 

of 111 mAh/g, which increases upon its first full charge to a peak capacity of 131 mAh/g. The 

reason for the increase in capacity after the first cycle is due to the oxidation of vanadium 

centers that where initially present in the lower oxidation states to higher oxidation states, 

allowing a higher concentration of lithium ions to be incorporated to balance the increased 

number of high oxidation state vanadium ions upon discharge. After carrying out 50 cycles, 

the capacity dropped by 64% to 47 mAh/g. These results indicate that despite showing an initial 

capacity comparable to previous published promising VO2 cathode materials, the recyclability 

of the material is not sufficient to maintain its performance with repeated cycling. These 

capacities are not as high as most of the recorded examples of VO2 and V2O3 which typically 

produce capacities around 160-250 mAh/g.[293,306–308] However, these materials have been 

developed in order to maximise their performance as a cathode material. When comparing 

these results to those of bulk VO2, which produced capacities around 128 mAh/g dropping to 

58 mAh/g at a lower current density,[309] this indicates an improvement shown by the use of 

the hydride ligand in the bulk state. Given the improvement relative to bulk VO2 with better 

tailored morphologies, it is possible that the same could be achieved using the much lighter 

hydride ligand to produce improved capacity and recycling performance.  
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Figure 6.9: EIS spectra over the frequency range from 100 KHz to 0.01 Hz using a two electrode setup, using 

biased potentials equivalent to the open circuit potential of the cell, V(IV)-25C-H2 prior initial discharge at 

2.293 V vs Li/Li+ ( (blue) and Upon completion of 50th discharge/charge cycle at 2.274 V vs Li/Li+ (red) 

 

The impedance measurements were all carried out over the frequency range from 100 KHz to 

0.01 Hz using a two electrodes setup, using a biased potential equivalent to that of the open 

circuit potential of the cell, all open circuit potential values are listed in the Figure caption. 

Figures 6.9 and 8.51 show the Nyquist plots for both V(IV)-25C-H2 and VO2 respectively. 

They demonstrate the impedance spectra prior to initial discharge and after the final charge on 

completion of the 50 cycles. Both materials show a semicircle present at the high frequency 

region of plot, followed by a Warburg tail. The initial semicircle is of key importance as it 

indicates the charge transfer resistance of the material. The Warburg tail (W) is associated with 

lithium diffusion in the bulk of the active material. The high frequency intercept of the 

semicircle is related to the electrolyte resistance (Re) and the diameter of the semicircles 

indicates the charge transfer resistance (Rct) for the material. Using the diameter of the 

semicircles we calculated the initial values of Rct to be 38.41 Ω and 44.39 Ω for V(IV)-25C-

H2 and VO2 respectively, which rises to 46.67 Ω and 44.58 Ω after completing 50 cycles. This 

confirms that the V(IV)-25C-H2 has a charge transfer resistance that is initially lower relative 

to that of our reference VO2 powder but after recycling the resistance increases so that it is 

larger than the VO2 commercial powder which barely increases after 50 cycles. This is possibly 

due to the formation of electrode/electrolyte interface layer, making the diffusion of ions across 

the separator more difficult. These improvements in electron conductivity are essential, as it 
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significantly affects the performance of the battery material. Improved electron conductivity 

allows the production of higher currents without losing capacity or cycle life. This is because 

the material is able to easily transport electrons to and from the vanadium centers allowing the 

charges to separate and recombine much more quickly and efficiently within the cathode.[45,46] 

 

6.4 Conclusion 

A non-stoichiometric vanadium hydride gel was prepared by thermal treatment of a solution of 

tetraphenyl vanadium (IV) at 100 °C followed by hydrogenation of the material in order to 

exploit the lightweight hydride ligand for improved energy storage. Characterisation of the 

material shows that it is amorphous and likely consists of vanadium hydride species in multiple 

oxidation states. The material is significantly less expensive to synthesise than TiH3,
[300] CrH3 

[299] and VH3 materials previously reported by our group, though the material has a significantly 

low surface area of 2.2 m2/g. The multivalent vanadium hydride gel possesses some redox 

activity and produces a capacitive like response to changes in sweep rate. With respect to 

capacity, although it possesses a reasonable peak capacity of 131 mAh/g at a discharge rate of 

1 mA.cm-2, the capacity decreases with repeated cycling until it reaches 47 mAh/g after 50 

cycles. Therefore it does not present enough recyclability to be utilised as a useful secondary 

lithium battery material. Possibly if a more crystalline phase pure structure could be achieved, 

this could be a more effective battery cathode material with improved recyclability 

performance. 

 

 

 

 

 

 

 

 

 



 

173 

 

Chapter 7 : Discussion, Conclusions, and 
Recommendations 

 

7.1 Research Conclusions  

This thesis has investigated the synthesis of a series of composites to improve the electron 

conductivity of high surface area transition metal oxides, for applications as potential Li+ 

battery electrode materials. 

 

In Chapter Two an initial investigation was conducted on the as synthesised m-TiO2 materials 

treated with TMS chloride. These were successfully impregnated with air-stable conducting 

polythiophene nanowires confirmed by both IR spectroscopy and solid state NMR. The 

characterisation demonstrated the retention of mesoporosity despite a large decrease in surface 

area with a significant degree of pore filling indicating that the material was not simply coated 

with polymer. The electrochemical properties of these composite materials were found to 

significantly improve the conductivity of the material (3.56 x 10-2 to 5.79 mS.cm-1). Despite 

this the Li+ storage capability of the material decreased significantly (301 to 75 mAh/g at 0.2 

mA.cm-2), this was attributed to limited Li+ diffusion preventing access to the internal redox 

sites due to the pores being filled with polymer. This was the first time this approach had been 

used to create a conducting polythiophene transition metal oxide composite. Typical methods 

use a diluted solution of thiophene mixed with a solid host and the later addition of an oxidant 

to produce a composite of transition metal oxide coated with conducting polymer. This 

procedure led to polymer penetration through the interior of the pore structure of the material 

whilst maintaining the mesostructure and relatively high surface area. 

 

Due to the poor Li+ storage capabilities of the polythiophene composites, Chapter Three 

explored a variety of synthesis parameters to determine preferential conditions for a high 

performance polypyrrole composite material. Results showed that polymer content in excess 

of 5% is counterproductive because of the increase in density of the material without a 

significant improvement in conductivity, in addition to a larger decrease in surface area. The 

conductivity peaked at two orders of magnitude higher than the starting material (3.84 x 10-2 

to 2.17 mS.cm-1) but still increased most significantly at only 5% polymer content (1.04 mS.cm-

1). The 5% composite produced the best Li+ storage capabilities with improved initial capacity 
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(139 to 170 mAh/g) and capacity retention (28.1 to 50.6%). Polymer content beyond 5% lead 

to a decrease in performance due to the increased density of the samples. The influence of pore 

size demonstrated that larger pores produced better capacity retention. The high initial capacity 

was attributed to the surface area of the material with higher initial capacities for materials 

possessing a higher surface area. This demonstrates that to obtain optimum performance the 

highest possible surface areas coupled with the largest improvements in conductivity are 

necessary.  

 

As the long term cycling performance of these materials was still not sufficient to propose use 

as a Li+ battery electrode material, in Chapter Four work using pyrrole composite was extended 

in an attempt to further improve capacity retention and initial capacity of the material. The use 

of a new strategy adopting a UV initiated polymerisation procedure to encourage a direct 

reaction between the two phases to produce a better interface. Results showed this procedure 

successfully impregnated polymer within the pores with an increase in surface area retention 

compared to chemical doping methods (48.8 to 86.5%). Electrochemical studies showed that 

low polymer content produced the best results when loaded for periods of 1 hour at standard 

conditions. Loading for less time is insufficient to improve conductivity and excess loading 

times lead to increase in density and loss of capacity and surface area. Peak capacities 

outperformed those made using chemical procedures (190 mAh/g) but still failed to produce 

high enough capacity retention to be a useful long-term battery electrode (21.9 to 46.3%). This 

was the first synthesis using a combination of this method of loading the monomer material 

into the host coupled with the less common method of photocatalysed polymerisation of 

polypyrrole. It demonstrated the advantages offered by this procedure of allowing a greater 

retention of surface area with concomitant improvement in performance. Downstream, this 

method may provide a convenient and inexpensive alternative to pyrolysis and graphene-based 

methods of improving charge transport for other battery materials being investigated. 

 

After repeated attempts to improve conductivity using composites the utilise conducting 

polymers as a conducing additive, we attempted in Chapter Five to synthesize a composite 

using a sulfur donor agent to reduce the band gap of the oxide semiconductor. We were 

successfully able to synthesise transition meal oxysulfides using HMDST. This was carried out 

using various quantities of reagent and temperatures that would not damage the host structure. 

The presence of organic residues bonded to the surface after completion of the synthesis 
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hindered the optimum performance. The conductivity of the materials improved with the use 

of larger quantities of HMDST. This was further improved by increasing reaction temperatures 

up to 150 °C before deteriorating at 200 °C. Despite improved conductivity the surface area 

decreases significantly with increased amounts of reagent (527-66 m2/g) and with higher 

temperatures (660-41 m2/g) due largely to the increase in weight caused by more Ti-S-(CH3)3 

groups bonded to the surface. This resulted in the loss of initial capacity (137-48 mAh/g). The 

materials improved cycling stability over 50 cycles with the best Li+ storage performance made 

using large amounts of reagent at a lower temperature (111 to 77 mAh/g after 50 cycles). This 

strategy demonstrated vastly improved cycle life performance but requires further 

improvements in the synthesis to produce better overall performance. Ideally synthesis 

improvements would lead to an increased in the surface Ti-S-Ti sites with minimal organic 

residue blocking the pores and adding weight to the sample. These results demonstrated that 

this method of sulfur doping at lower temperatures achieved improving the conductivity of the 

host material without needing to reach the high temperatures typically involved in sulfur doping 

that would otherwise have damaged the structure.  

 

As part of a side project during this PhD, in Chapter Six a non-stoichiometric vanadium hydride 

gel was prepared by thermal treatment of a solution of tetraphenyl vanadium (IV) at 100 °C 

followed by hydrogenation of the material to exploit the light weight of the hydrogen ligand 

for improved energy storage to that of its respective oxides. Characterisation demonstrated that 

the material was an amorphous vanadium hydride consisting of various vanadium oxidation 

states and possessing a surface area of only 2.2 m2/g. This multivalent material demonstrated 

capacitive like responses to sweep rates and produced capacities of 131 mAh/g which 

decreased to 47 mAh/g after cycling so as yet it is not sufficient enough for use as a Li+ battery 

cathode. Possibly if a more crystalline material could be obtained with a set structure the 

capacity performance and recyclability of the material could improve.  

 

7.2 Further Work 

 

In this work the electron conductivity of mesoporous Ti and Ta oxides has been improved by 

the use of conducting polymers and by sulfur doping, in an attempt to improve its performance 

as a Li+ battery electrode material. These composites facilitated electron transport between the 

redox sites situated on the surface of the material allowing for more efficient electron transport 
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throughout the bulk material. These improvements in electron conductivity produced improved 

Li+ storage properties in a number of cases, but unfortunately the performance was not fully 

optimised due to increases in weight of the material or pore blockage limiting the 

improvements in performance. The improved reaction kinetics of these materials might 

improve the capabilities in other redox based applications, such investigations were not 

undertaken due to time constraints for the publication of this thesis.  

 

The results produced during the investigation of sulfur doping mesoporous oxides using 

HMDST were promising, however the capacity of the material was reduced due to the retention 

of excess amounts of residual organic upon completion of the synthesis. Further exploration of 

synthesis parameters and conditions may enable fine tuning of the synthesis in order to 

maximise the incorporation of surface sulfur sites with minimal retention of organic content 

after the completion of synthesis, thus maximising the benefits gained from improved 

conductivity with the minimal loss in performances due to increase in weight of the material 

and blocking of pores with residual organic. Another reason further exploration should be 

required is due to the strange results produced by the XPS analysis as it was not possible to 

fully assess the nature of the final compounds to a high degree of certainty. It would also be 

useful to fully assess the mechanism of the reactions taking place and using a closer 

examination of different synthesis conditions to observe the effect on the properties of the 

material. This material shows the most promise with regards to future work, due to its superior 

capacity retention properties. If the initial capacity of these materials can be it would produce 

significant improvements in its performance at a Li+ battery electrode. 

 

Further progression might also be made with continued development of the UV synthesis 

procedure, the positive results demonstrated by improved conductivity and surface area could 

be improved by the use of synthesis under vacuum conditions to minimise the influence of 

oxygen on the photochemistry taking place. This may improve the quantum yield of the 

synthesis in addition to allowing the monomer vapour to penetrate more deeply into the pores 

of the host, this could further improve electron transport deeper into the pores of the material. 

Deeper pore penetration into the pores could allow increased access to Ti surface sites deep 

within the pores of the material and could lead to further increasing both capacity retention and 

capacity of the material and therefore further improve the materials performance as a Li+ 

battery electrode material. 
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Due do the shift in the focus of the thesis, the different material synthesised were subjected to 

different forms of analyses. The initial focus of the thesis being based around improvements in 

electron conductivity of mesoporous oxides with potential applications as a Li+ battery 

electrode. The materials impedance was assessed using pellets, and the use of higher 

frequencies up to 1 MHz. Later the focus of the thesis changed solely to the utilisations of high 

surface area mesoporous oxides for the use in Li+ battery electrode materials, therefore the 

impedance assessment was done in the form of a Li+ battery cell and different to those of the 

initial materials tested. In future work it would be useful to directly compare the different 

materials made throughout the thesis using the same host material and use these to directly 

compare the performance of the different synthesis procedures using the more commonly used 

technique of potentiostatic impedance spectroscopy between 0.1 Hz-100 kHz using a Li+ 

battery cell. By carrying out this assessment it would determine the effect of the different 

synthesis procedures on the performance of the material and to determine which of all the 

composite materials produces the best improvement of m-TiO2 as a Li+ battery electrode 

material.  

 

Finally the improved materials should be investigated in other applications to determine if the 

improved electron transfer kinetics might improve the performance for applications such as 

photocatalysis and other areas of catalysis. It may also be beneficial to investigate the use of 

these high surface area materials for the application in dye-sensitised solar cells. This 

unfortunately was not able to be carried out in these studies due to the time restrictions. Even 

in their present state these materials have shown significant improvement in performance than 

was achieved by the starting material. In addition to this, different approaches were adapted 

and developed to improve the conductivity, allowing for retention of the surface area and 

porosity, which would otherwise have been lost using traditional methods. In this regard this 

thesis has achieved its aim in synthesising and characterising air stable polymer doped and 

electron conducting mesoporous oxysulfides, given their improvements in electron 

conductivity and Li+ storage capabilities. These methods could be utilised by other materials 

in future research to hopefully improve their performance and thus lead to alternative 

approaches of processing energy storage materials in the place of simple solution based 

methods used previously. 
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Chapter 8 : Appendices  
 

Appendix 1 Supplemental for Chapter 2 Synthesis and electrochemical 

properties of mesoporous titanium oxide with polythiophene nanowires in the 

pores 

 

Figure 8.1: IR spectrum of thiophene in KBr 

Figure 8.2: IR spectrum of polythiophene in KBr 



 

179 

 

 

Figure 8.3: IR spectrum of m-TiO2 TMS 

 

Figure 8.4: IR spectrum of m-Ti TMS loaded with thiophene vapour 
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Appendix 2 Supplemental for Chapter 3 Effect of Synthesis Parameters on the 

Electrochemical Properties of High-Surface-Area Mesoporous Titanium Oxide 

with Polypyrrole Nanowires in the Pores  

 

Figure 8.5: Powder X-ray diffraction pattern for samples C6PC (red), PC (5) (black) and C18PC (blue) 

 

Figure 8.6: IR spectrum of pyrrole monomer in KBr 
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Figure 8.7: IR spectrum of polypyrrole in KBr 

 

 

 
 

Figure 8.8: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at a 

sweep rates of 5 mVs-1 of samples C12 m-TiO2 (orange), PC(5) (green), PC(10) (blue), PC(15) (red) and PC(30) 

(purple) 
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Figure 8.9: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of PC(10) (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 

 

Figure 8.10: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of PC(15) (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 
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Figure 8.11: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of PC(30) (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 

 

 

Figure 8.12: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of C6 m-TiO2 (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 
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Figure 8.13: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of C6PC (blue) 5 mVs-1 (purple) 2mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 

 

 

Figure 8.14: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of C18 m-TiO2 (blue) 5 mVs-1 (purple) 2 mVs-1, (green) 1 mVs-1, (red) 0.5 mVs-1 
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Figure 8.15: 50 Cycles charge (crosses) discharge (squares) capacity data for C12 m-TiO2 at 1 mA.cm-2  
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Appendix 3 Supplemental for Chapter 4 UV-Initiated Synthesis of Electroactive 

High Surface Area Ta and Ti Mesoporous Oxides Composites with Polypyrrole 

Nanowires within the Pores 

 

Figure 8.16: X-ray powder diffraction pattern at high angles for samples TiC 1 

 

 

 

 

Figure 8.17: X-ray powder diffraction pattern at high angles for samples TaC 
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Figure 8.18: Nyquist plots over the frequency range from 100 KHz to 0.01 Hz using a two electrode setup, 

using biased potentials equivalent to the open circuit potential of the cell, m- Ta2O5 at 2.527 V vs Li/Li+ (red) 

and TaC at 2.442 V vs Li/Li+ (blue) 

 

 

Figure 8.19: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of TiC(0.5) at 0.5 mVs-1 (blue), 1mVs-1 (purple), 2 mVs-1 (black), 5 mVs-1 (red) 
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Figure 8.20: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of TiC(2) at 0.5 mVs-1 (blue), 1mVs-1 (purple), 2 mVs-1 (black), 5 mVs-1 (red) 

 

 

 

Figure 8.21: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of Ta2O5 at 0.5 mVs-1 (blue), 1mVs-1 (purple), 2 mVs-1 (black), 5 mVs-1 (red) 
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Figure 8.22: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of TaC at 0.5 mVs-1 (blue), 1mVs-1 (purple), 2 mVs-1 (black), 5 mVs-1 (red) 

 

 

Figure 8.23: 50 Cycles charge (crosses) discharge (squares) capacity data for polypyrrole 100% (blue), 15% 

(red), 10% (black) and 5% (purple) 
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Figure 8.24: 50 Cycles (squares) capacity retention data for m-Ta2O5 (blue), TaC (red) 
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Appendix 4 Supplemental for Chapter 5 Low Temperature Synthesis and 

Electrochemical Properties of Mesoporous Titanium Oxysulfides 

 

Figure 8.25: Nitrogen adsorption (crosses) and desorption (squares) for pristine m-TiO2 (red), and composites 

synthesised at 100 °C (blue), 150 °C (purple) and 200 °C (black) with 3.5 mL of hexamethyldisilathiane 

(HMDST) 

 

Figure 8.26: X-ray powder diffraction pattern at low angles for pristine m-TiO2 (red) and composites 

synthesised at 100 °C (blue), 150 °C (purple) and 200 °C (black) with 3.5 mL of HMDST 
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Figure 8.27: Thermogravimetric analysis (blue) and differential thermal analysis (red) plots for the composite 

made with 3.5 mL of HMDST at 100 °C 

 

 

 

 

Figure 8.28: Thermogravimetric analysis (blue) and differential thermal analysis (red) plots for the composite 

made with 3.5 mL of HMDST at 200 °C 

FTIR 
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Figure 8.29: IR spectrum of hexamethyldisilathiane (HMDST) 

 

Figure 8.30: IR spectrum of m-TiO2 
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Figure 8.31: IR spectrum of HMDST loaded m-TiO2 

 

 

 

Figure 8.32: IR spectrum of composite made with 1.5 mL of HMDST at 150 °C 
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Figure 8.33: IR spectrum of sample made with 2.5 mL of HMDST at 150 °C 

 

 

 

Figure 8.34: IR spectrum of composite made with 3.5 mL of HMDST at 150 °C 
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Figure 8.35: IR spectrum of composite made with 3.5 mL of HMDST at 100 °C 

 

 

 

 

Figure 8.36: IR spectrum of composite made with 3.5 mL of HMDST at 200 °C 
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Figure 8.37: Nyquist Plot over the frequency range from 100 KHz to 0.01 Hz using a two electrode setup, using 

biased potentials equivalent to the open circuit potential of the cell, for pristine m-TiO2 at 2.309 V vs Li/Li+ 

(red) and composites synthesised at 100 °C at 2.512 V vs Li/Li+ (blue), 150 °C at 2.394 V vs Li/Li+ (purple) and 

200 °C at 2.368 V vs Li/Li+ (black) with 3.5 mL of HMDST 

 

 

 

 

Figure 8.38: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of composite synthesised with 1.5 mL of HMDST at 150 °C at 0.5 mVs-1 (blue), 1 mVs-1 

(purple), 2 mVs-1 (black) and 5 mVs-1 (red) 
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Figure 8.39: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of sample synthesised with 2.5 mL of HMDST at 150 °C at 0.5 mVs-1 (blue), 1 mVs-1 

(purple), 2 mVs-1 (black) and 5 mVs-1 (red) 

 

 

 

Figure 8.40: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of pristine m-TiO2 at 0.5 mVs-1 (blue), 1 mVs-1 (purple), 2 mVs-1 (black) and 5 mVs-1 (red) 
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Figure 8.41: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 5 

mVs-1 for m-TiO2
 (red) and composites synthesised at 100 °C (blue), 150 °C (purple) and 200 °C (black) with 

3.5 mL of HMDST 

 

 

Figure 8.42: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of sample synthesised with 3.5 mL of HMDST at 100 °C at 0.5 mVs-1 (blue), 1 mVs-1 

(purple), 2 mVs-1 (black), 5 mVs-1 (red) 
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Figure 8.43: Cyclic voltammetry over a potential range of 1-3.4 V vs Li/Li+ standard electrode potential at 

various sweep rates of sample synthesised with 3.5 mL of HMDST at 200 °C at 0.5 mVs-1 (blue), 1 mVs-1 

(purple), 2 mVs-1 (black), 5 mVs-1 (red) 

 

 

 

 

Figure 8.44: 50 Cycles discharge capacity retention data for m-TiO2 (red) and composites synthesised with 1.5 

mL (blue), 2.5 mL (purple), and 3.5 mL (black) of HMDST at 150 °C 
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Appendix 5 Supplemental for Chapter 6 Electrochemical and Hydrogen Storage 

Properties of Vanadium(IV) Hydride 

 

 

Figure 8.45: Nitrogen adsorption-desorption isotherm of V(IV)-100 recorded at 77K 

 

 

 

 

Figure 8.46: Nitrogen adsorption-desorption isotherm of V(IV)-25C-H2 recorded at 77K 
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Figure 8.47: Powder x-ray diffraction of V(IV)-25C-H2 

 

 

 

Figure 8.48: Baseline corrected peak fitting of vanadium 2p3/2 region of XPS of V(IV)-100 
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Figure 8.49: Baseline corrected peak fitting of vanadium 2p3/2 region of XPS of V(IV)-25C-H2 

 

 

 

 

 

Figure 8.50: Cyclic voltammetry over a potential range of 1-3.2 V vs Li/Li+ standard electrode potential VO2 

powder at a sweep rate of 0.5 mVs-1: 1st cycle (blue), 2nd cycle (red) and 3rd cycle (green) 
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Figure 8.51: EIS spectra over the frequency range from 100 KHz to 0.01 Hz using a two electrode setup, using 

biased potentials equivalent to the open circuit potential of the cell, VO2 prior initial discharge at 2.307 V vs 

Li/Li+ ( (blue) and Upon completion of 50th discharge/charge cycle at 2.292 V vs Li/Li+ (red) 
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Appendix 6 Copyright forms 

Permission to reproduce a Figure from: Energy and Environmental Science 2014, 7, 5, 1597-

1614 
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Permission to reproduce a Figure from: Energy and Environmental Science 2012, 5, 7, 7854-

7863 
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Permission to reproduce a Figure from: Energy and Environmental Science 2009, 2, 6, 638-

654 
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Permission to reproduce a Figure from: Nature Materials 2003, 2, 7, 464-467 
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Permission to reproduce a Figure from: Chemical Society Reviews 2013, 42, 9, 2663-3670 
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Permission to reproduce a Figure from: Inorganic Chemistry 2001, 7, 5, 2088-2095 
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Permission to reproduce a Figure from: Chemical Communications 2014, 50, 41, 5413-5430 
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Permission to reproduce a Figure from: Journal of Materials Chemistry 2012, 22, 7, 3044-3052 
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Permission to reproduce a Figure from: Journal of Materials Chemistry 2000, 10, 5, 1251-1254 
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Permission to reproduce a Figure from: Ebook Characterisation Techniques for 

Nanomaterials, 2008, page 211-218 
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